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The phenomenon associated with the interactions between drops and walls is ubiquitous in
nature as well as several industrial applications such as inkjet printing and coating, microﬂu-
idics, agricultural plant treatment and oil recovery. In addition, the ﬂuid dynamical aspects of
interactions between interfacial ﬂows and solid boundaries has attracted several researchers to
conduct various theoretical, experimental and numerical studies in this ﬁeld. The work reported
in the present thesis is intended to study two kinds of droplet wall interaction ﬂows: interac-
tions between wall impinging drops and rebound control and transport. A high density ratio
based phase-ﬁeld lattice Boltzmann multiphase solver is developed to investigate the present
two phase computations. A geometry based contact angle formulation is implemented to model
the three phase contact line motion.
First part consists of a systematic numerical analysis on the interaction dynamics between
two drops impacting simultaneously and successively on wet and dry walls. Two dimensional
computations were performed to investigate the impact physics of two drops impinging simulta-
neously onto stationary and moving wet walls. Formation of a characteristic central uprising jet
was observed and a systematic numerical investigation to understand the eﬀects of ﬁlm thick-
ness, separation and gas density was conducted. Analysis pertaining to interactions between
drops impinging onto dry walls is performed through three dimensional computations. Two dif-
ferent interaction modes were identiﬁed for drops impinging successively and simultaneously on
dry walls. It is observed that the droplet behaviour in these modes was signiﬁcantly inﬂuenced
by the corresponding advancing and receding contact angles. The formation and the evolution
of a connecting neck formed for simultaneous impact cases is discussed through a systematic
parametric study. Particle tracers were seeded inside the drops to investigate the internal ﬂow
ﬁeld and mixing inside the droplet.
iv
In the second part of the work we present methods to suppress drop rebound through physical
and physiochemical modulations of the impacting surface. The current thesis presents a new
method to suppress drop rebound though wall oscillations along the transverse direction, normal
to the line of impact. A detailed investigation on the dynamic behaviour of the impinging drop
in response to various oscillation parameters is conducted. We next observe that varying the
wetting characteristics of the surface in the form of gradient in wettability not only leads to
rebound suppression, but also allows directional deposition of the impacting drops. Finally, we
provide the systematic numerical analysis to the ﬂow physics and the energetics of electrowetting
induced droplet jumping and transport. In this work, we classiﬁed the droplet jumping process
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The phenomenon associated with the impact of rain drops on solid surfaces is one of the fas-
cinating natural occurrences to visualize and experience. The intricacy of the physical forces
involved in the formation of splash and ripples that we routinely observe, often goes unnoticed
over the ubiquitous nature of falling rain drops. The interplay of surface tension, inertia and vis-
cosity results in the formation of varying morphological structures when a liquid drop interacts
with a solid surface. Flow problems pertaining to drop-wall interactions belong to the class of
dispersed ﬂows under the multiphase system with free surface. In such ﬂows, one or more ﬂuids
are dispersed in another phase and the length scale of the interface is smaller than the external
scale. Interface is referred to as a boundary separating two immiscible materials across which
the thermodynamic and transport properties are discontinuous. The interactions between the
two phases occur through this ﬂuid-ﬂuid interface.
The surface impacted by the drop can either be liquid or solid. In the case when surface is a
liquid, the layer maybe assumed to be deep, i.e., the inﬂuence of the bottom wall is negligible on
the impact outcome. The liquid layer could be shallow or thin for which the impact outcome and
the crown structure, in case of splashing, signiﬁcantly depends on the ﬁlm thickness. The liquid
surface on which the drop impacts could be stationary or perturbed with a wavy pattern. Such
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a wavy surface results due to the impact of the preceding drops and when the impact frequency
is high. The properties of the liquid layer may be diﬀerent from those of the drop leading to
diﬀerent patterns of impact outcome. Similarly, the geometry of the solid surfaces upon which
the drop impacts could be plane or curved and would lead to diﬀerent impact behavior. It is
generally found that surface roughness promotes drop splashing and rebound in contrast to a
plane smooth surface under identical impact conditions [4]. Droplet rebound is found to be
suppressed when it impacts onto an elastic surface. Hence, it can be easily deduced that the
nature of the target surface plays a pivotal role in determining the response of wall interacting
drops, which is the main focus of the present dissertation.
1.2 Literature review and motivation
The various types of droplet-wall interactions listed above encompass a wide range of applica-
tions. The present work is motivated to study two diﬀerent types of droplet-wall interaction
problems: (a) Interactions between wall impinging drops, (b) Drop control. Through
numerical modelling, we attempt to understand the underlying ﬂow physics pertaining to such
droplet interaction problems. Investigating the governing ﬂow dynamics is also important con-
sidering the number of practical applications in which these ﬂows are generally encountered.
Each of these types is discussed in the following subsections:
1.2.1 Interactions between wall impinging droplets
Understanding the impact behaviour of liquid drops on solid surfaces is of fundamental impor-
tance as it is encountered in widespread engineering applications like ink-jet printing [5], spray
cooling [6], microﬂuidic devices [7], additive manufacturing and many other ﬁelds. Apart from
its relevance to industrial processes, the basic science of the dynamics of an impacting droplet
has attracted several researchers [8] to explore this phenomenon.
Worthington [9] is considered the ﬁrst to systematically investigate the phenomenon of
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droplet impact on wet walls. Subsequently, several experimental and numerical studies have
been conducted to describe the behavior impacting droplets and their ﬂow structure. The
droplet may bounce, coalesce or splash after its impact onto a liquid ﬁlm [4]. Cossali et. al. [10]
and Yarin [8] described splashing as a phenomenon in which secondary droplets separating
from the crown are formed. Comprehensive experimental study conducted by Randy et al. [11]
indicated that surface tension inhibits splashing behavior of droplet impact on dry and wet
surfaces. The authors also found that while viscosity acts to promote splashing on dry surfaces,
its action is reversed in the case of wet surfaces. Cossali et. al. [12] reported the dependence of
crown height on the Weber number through experiments. The authors found the crown velocity
and thickness are almost independent of the Weber number. Randy et al. [11] conducted
studies on the impact of a single drop on a rough surface. The rough surface was either dry or
covered with a thin ﬁlm. The presence of a rough surface covered by a thin liquid ﬁlm alters
the splashing dynamics from those observed for a drop impacting on a smooth surface covered
by a thin ﬁlm [12]. The velocity discontinuity leading to splashing in [11] mainly arises due to
patternation of the rough surface which is independent of drop impact energy or ﬂuid properties.
Yarin and Weiss [13] performed two-dimensional symmetric computations of single droplet
impact on a liquid ﬁlm using a boundary integral method. The authors indicated the formation
of a jet like structures near the neck region of droplet and ﬁlm in a short time after impact.
The authors considered the crown evolution to be based on the propagation of the kinematic
discontinuity in the velocity and ﬁlm thickness. The crown is usually unstable and the tip of
which breaks up leading to the formation of secondary droplets. Reiber and Frohn [14] used a
Volume of Fluid (VOF) method to investigate the crown evolution during normal impact of a
droplet on a liquid ﬁlm. The authors added some velocity disturbance to the initial velocity to
observed a crown breakup and reported Rayleigh instability as the most possible mechanism for
the crown breakup. Nikolopoulos et al. [15] also performed VOF simulations and reported the
formation of gas vortices which inﬂuence the detachment and formation of secondary droplets
due to a gas shear. Shetabivash et al. [16] and Mukherjee et al. [17] studied the inﬂuence of gas
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density, gas viscosity and ﬁlm thickness on the crown behavior.
Several investigations [18, 19, 20, 21] have been conducted to study the dynamics of inter-
acting sessile droplets on dry walls. Under these conditions, the formation and the growth of a
connecting bridge is observed at the intersecting droplet edges. It is found that the neck width
grows in accordance with a power law. The neck growth is driven by the surface tension and
opposed by the viscous forces. The nature of the substrate signiﬁcantly aﬀects the behavior of
the neck growth. While surface tension forces drive the neck growth on a hydrophobic surface
[22], viscous stresses imposed by the substrate inﬂuences its growth on a hydrophilic surface [20].
In most practical applications the interactions are dynamical in nature where the droplets im-
pact and coalesce as time evolves. As such, investigations on droplet impact on a sessile droplet
were carried out by several researchers [23, 24, 25, 26]. Li et al. [23] performed experiments to
understand the coalescence of a falling droplet on a stationary sessile droplet. They emphasized
on the spread length of the spreading droplet and identiﬁed three mechanisms by comparing
the maximum and minimum spread lengths with respect to the ideal spread length. In the ﬁrst
mechanism the maximum spread length of the droplet system is greater than the ideal spread.
However, due to the inﬂuence of surface tension forces in the later stages of the impact, the two
edges are pulled back. This leads to a minimum spread length which is less than the ideal spread.
In the second mechanism, additional spread, the surface tension forces are not strong enough to
overcome the viscous forces which results in both the minimum and maximum spread lengths to
be greater than the ideal spread length. The third mechanism refers to a situation wherein both
the minimum and maximum spread lengths do not exceed the ideal spread length. Inﬂuence
of surface wettability on the impact and coalescence dynamics of a falling droplet on a sessile
droplet was investigated by Graham et al. [24]. They conducted both experimental and numeri-
cal studies and observed a decrease in the maximum spread length as the hydrophobicity of the
substrate increased. Correlations were proposed for the maximum spread length of the com-
bined spreading droplet for various surfaces under diﬀerent impact conditions. Castrejo´n-Pita
et al. [27] performed experiments and lattice Boltzmann simulations (LBM) to investigate the
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coalescence and mixing of a sessile and an impacting droplet. They observed that the presence
of the substrate inhibits mixing inside the droplets despite the large free surface deformations
encountered during the impact process. The internal droplet dynamics and the footprint agreed
well between the experiment and the LBM study.
Most of the studies reported above have been focused on the impact of a single droplet.
Few studies have been reported on the multiple droplet impact in the literature. Roisman et
al. [28] experimentally studied the impact of multiple droplets on dry surfaces. An analytical
solution for the maximum height of the uprising sheet was obtained for a symmetric impact
of two identical drops. Tong et al. [29] employed VOF method to study the successive impact
of droplets on a solid substrate. The authors reported that the maximum spread depends on
the velocity of the trailing droplets and inter droplet spacing. The maximum spread radius
increases with increase in trailing droplet velocity and closeness between the droplets. Ray et
al. [30] conducted numerical simulations using a coupled level-set and volume of ﬂuid (CLSVOF)
method to study consecutive droplet impact on a deep liquid surface. Yarin and Weiss [31]
studied experimentally and theoretically the impact of drops one-by-one on a solid substrate.
They observed capillary waves for low impact velocity cases and splashing for high impact
velocities. Rosiman et al. [32] studied experimentally and theoretically the impact of multiple
droplets on a solid surface. In their experiments, formation of a uprising sheet has been observed
due to the interactions of the impinging droplets. The theoretical model was shown to be valid
for high Reynolds and Weber numbers representing domination of inertia eﬀects. Fujimoto et
al. [33] investigated the inﬂuence spacing between the droplets impinging successively on a dry
surface. For large droplet spacing they observed that the liquid in the second droplet swells
up after collision with the ﬁrst one. Apart from the studies on two-droplet impact, several
experimental investigations have been carried out to study the deposition patterns due to the
impact of droplet arrays [34, 35]. Dalili et al. [34] studied the deposition of droplets in straight
line or square arrays and varied the droplet center-to-center distance. They deﬁned a draw-index
to predict conditions under which the lines or ﬁlms would either remain continuous or rupture.
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In most of the industrial applications pertaining to coating process it is essential to achieve
a uniform and homogeneous coating. In order to obtain such homogeneity in coating, the im-
portance of droplet interactions becomes signiﬁcant to determine the ﬁnal outcome. Although
single droplet impact provides the essential details on the fundamental physical mechanisms gov-
erning the impact process, the interactions between impacting droplets would result in diﬀerent
hydrodynamic properties and morphologies which are quite dissimilar from the single droplet
impact scenarios. The interaction rate between the droplets is important for various coating
and spraying applications as observed from Fig. 1.1. Therefore, understanding the mechanism
Figure 1.1: Side view images of long printing lines formed due to sequential deposition of
microdroplets for varying inter-droplet spacing (image taken from Thompson et al [1]).
of the interactions between impinging droplets is of great interest with a practical signiﬁcance.
It is essential to understand the inﬂuence of various range of parameters which aﬀect the ﬂuid
morphology which is necessary to yield the geometric precision required in these applications.
Apart from investigating the external dynamics like free surface shapes and contact diame-
ter, it is essential to explore internal dynamics and mixing. In certain graphical applications,
the coalescence and mixing of the drops have to be controlled to improve the printing resolu-
tion. However, in applications such as additive manufacturing, mixing is essential during the
event of drop-drop coalescence. These requirements motivate the present thesis to investigate
the physical mechanisms and the dynamics of internal mixing occurring during droplet-droplet
interactions under various situations.
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Figure 1.2: Various outcomes of droplet impact on a solid substrate from experiment of Marengo
et al [2]: (a) deposition, (b) prompt splash, (c) corona splash, (d) receding breakup, (e) partial
rebound, and (f) rebound.
1.2.2 Wall assisted drop control
The motion of a drop can be manipulated by modulating the physical and physiochemical
properties of the interacting surface. Let us consider a situation when a drop impacts on a
solid surface. Various outcomes may result depending on the impact velocity, droplet diameter,
viscosity, surface tension and the wetting characteristics of the surface. These include deposi-
tion, prompt splash, corona splash, receding breakup, partial rebound and rebound as shown
in Fig. 1.2. The speciﬁc desirability of these outcomes depends on the application under con-
sideration. Droplet rebound is favoured by high impact velocity, low viscosity and high surface
tension. A parametric study to investigate drop rebound was conducted by Rioboo et al. [36].
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They found that increase in surface tension, impact velocity and receding contact angle favours
droplet rebound.
Droplet rebound is a desirable outcome in self-cleaning [37], anti-dew [38, 39] and anti
corrosion [40] applications, where removal of droplets from the surface is required. However, it
becomes indispensable to control drop rebound in areas pertaining to spray cooling [6], ink-jet
printing [5], spray painting [41] and pesticide deposition [42]. In these applications, droplet
rebound would lead to excess loss in the impacting ﬂuid leading to increased costs. Moreover,
droplet rebound in pesticide spraying on plant leaves would result in environmental pollution.
Hence, it becomes essential to consider methods which would lead to droplet rebound sup-
pression. The impact outcome could be modulated by changing the drop velocity, size and
liquid properties. However, in situations where these impact conditions are to be held constant,
impact outcome can be altered by varying the physical and physiochemical properties of the
substrate. For aqueous solutions, addition of ﬂexible polymers was found to suppress droplet
rebound [43]. In this case, the initial spreading phase was not altered but the additives induced
greater resistance during the recoiling phase of the droplet due to the non-Newtonian viscous
eﬀects. Addition of surfactants [44] in droplet liquid leads to decrease in surface energy, thereby
changing the wetting properties. Reduction in surface energy results in less vigorous recoiling
and prevents drop rebound. Deng [45] found that ionic micro droplets impinging on conductive
surfaces exhibited droplet deposition instead of bouncing oﬀ the surface. Mangili et al. [46]
investigated the impact dynamics of a droplet onto a soft solid substrate. They reported that
the droplet undergoes slower recoiling and has a larger ﬁnal resting diameter compared to its
impact onto a hard substrate. The role of equilibrium contact angle on the recoiling behavior
of an impacting droplet has been investigated by several researchers [47, 48, 49]. The contact
angle has a constant value when the surface is ideally ﬂat and clean. However, for real surfaces
which have chemical or physical defects, it is necessary to characterise the solid substrate by
means of advancing and receding contact angles, and the contact angle hysteresis [50]. In prac-
tice, a solid substrate may exhibit a wide spectrum of contact angles owing to surface texture
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and inhomogeneities. Gao and McCarthy [51] emphasized the need to characterise the wetta-
bility of a solid surface with advancing and receding contact angles, as contact angle hysteresis
controls the force required to move a droplet. Antonin et al. [52] conducted experiments of
droplet impact onto surfaces with diﬀerent advancing and receding contact angles. They found
that for a given impact conditions, the receding contact angle is the key wetting parameter
which inﬂuences droplet rebound. The droplet rebound time was found to decrease as receding
contact angle increases. Such behaviour was also observed by the LBM simulations performed
by Raman et al. [53]. In addition to the role of receding contact angle, they also found that
the presence of inhomogeneities in wetting characteristics in the form of wetting gradient would
lead to suppression of drop rebound. Recently, Unnikrishnan et al. [54] performed experiments
of droplet impact on three chemically modiﬁed aluminium substrates. The aluminum substrates
which were coated with Octadecyl-Trichloro-Silane (OTS) showed that the receding velocities
of the droplet in its recoiling phase were three times as that of drops on aluminum substrate.
The wetting characteristics of the substrate can be carefully modulated to induce a guided
motion to the impacting droplet. For example, solid surfaces with a directional variation in
surface wettability can control and manipulate the behavior of liquid drops on solid substrates.
The need of such manipulation in the directional behavior of the impacting droplets is encoun-
tered in several microﬂuidic and heat transfer applications. One of the techniques is to employ
chemical wettability gradient of the substrate which results in the gradient of surface energy.
Such surface creates an imbalance in the forces acting along the contact line, which results in
the motion of the droplet towards the region of increasing wettability [55], thereby minimizing
its surface energy. When the wettability gradient is large enough, a droplet can be made to
climb uphill against the gravity as demonstrated by the experiments conducted by Chowdhury
and Whitesides [56]. Since then several researchers have performed experimental and numerical
studies to investigate the behaviour of droplet motion on surfaces exhibiting wettability gradient
[57, 58, 59, 60]. While the behaviour of the droplet gently deposited on surfaces with wetta-
bility gradient is studied, it is essential to understand the dynamics of an impacting droplet
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on such surfaces. Reyssat et al. [61] investigated the impact behaviour of droplets on textured
hydrophobic surfaces exhibiting wettability gradient. They observed that the droplet bounce oﬀ
obliquely from the substrate. Such behaviour is attributed to the transfer of vertical momentum
into the horizontal direction. Similar phenomenon was noticed by Vaikuntanathan et al. [62]
who performed experiments of droplet impact onto the junction line between the hydrophobic
textured and the hydrophilic smooth portions of a dual-textured substrate. Their observations
showed that the initial droplet spreading unaﬀected by the dual-textured feature of the sub-
strate. However, large receding speeds of the retracting droplet were observed which resulted in
the net movement of the droplet onto the hydrophilic portion.
The above mentioned methods to control drop motion or suppress drop rebound involves
either modifying the chemical properties of the droplet liquid or altering the physiochemical
properties of the solid surface. Such alterations may not be desirable for certain applications
and the need to explore alternate methods which do not resort to chemical modiﬁcation of either
droplet liquid or solid surface becomes imperative. Yun et al. [63] reported that when electri-
cally driven shape deformation of droplets leading non-axisymmetric shapes impact hydrophobic
surfaces, drop rebound is suppressed. Such impinging droplets undergoes alternate spreading
and recoiling on the surface which cause transfer of kinetic energy along the principle horizontal
axis rather than the vertical axis. They found a considerable increase in the critical Weber
number causing rebound than that for an axisymmetric drop. Lee and Kim [64] investigated the
recoil behavior of a droplet impacting on a surface moving along the vertical direction. Their
investigations revealed that droplet rebound is promoted when the surface moves upward at
the moment of impact. While drop rebound suppression was observed when the surface moved
downwards at the impact moment. They attributed this behavior to the change in the impact
speed of the droplet due to surface motion. The present work is motivated to identify methods,
through numerical computations, which could lead to rebound suppression by modulating the
physical and physiochemical characteristics of the impinging surface.
While in some applications like ink-jet printing, spray coating, pesticide deposition and
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chip cooling it is essential to prevent the droplet removal from the surface, detachment and
removal of droplets from a solid substrate is an essential component in several industrial and
biological applications. The droplet jumping motion is essential for heat transfer systems to
enhance drop-wise condensation [65, 66, 67], fuel cells, wiper-less windows and to promote
thermal rectiﬁcation [68, 69]. The condensate drops which form on the solid surface due to
condensation, reduce the heat transfer between the surface and the vapor. Hence, removal of
these condensate drops is vital to enhance heat transfer. To detach a droplet adhered to a solid
substrate, the applied force should be greater than the threshold force at which the drop is
attached to the solid surface. Diﬀerent methods can be employed to actuate such forces leading
to droplet detachment. Self-propelled jumping of droplets on super-hydrophobic surfaces is
observed in many natural water-repellent surfaces and engineering applications. The droplets
on these surfaces merge and coalesce with the adjoining droplets. This results in the release of
excess surface energy which primarily converts into the kinetic energy of the jumping droplet
system. The ﬁrst experimental study on self-propelled jumping of coalescence induced droplets
was reported by Boreyko and Chen [38]. They performed experiments on super-hydrophobic
surfaces with droplet sizes ranging from 10µm to 150 µm. The results indicated an increase in
the vertical velocity of the droplet system with increase in droplet size. However, after reaching
a maximum vertical velocity, a decrease in velocity is observed on further increasing in drop size.
To establish a relationship for coalescence induced velocity based on the energy conservation of
the coalescing droplets, theoretical analysis based on energy analysis was conducted by Wang et
al. [70]. The relationship for the coalescence induced velocity was based on the balance between
surface energy, kinetic energy and viscous dissipation. Farokhirad et al. [71] performed lattice
Boltzmann simulations to investigate the eﬀects of air inertia and viscosity on the jumping
height of the droplet. The results showed that an increase in air viscosity inhibited circulation
within the droplet and self-propelled jumping is not noticed. Increase in air inertia resulted
in higher jumping heights of the droplet system. Liu et al. [72] performed two dimensional
lattice Boltzmann simulations for self-propelled jumping of droplets on textured surfaces. Shi
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et al. [73] investigated three dimensional coalescence-induced droplet jumping behaviour on
superhydrophobic complex textured surface by altering the wettability of the textured surface,
changing the roughness of the textured surface, controlling the number and size of the droplets
by the multiple relaxation times (MRT) based pseudopotential lattice Boltzmann model.
Droplet detachment is also accomplished from vibrational motion of the solid substrate
[74, 75]. Kim [74] performed experiments to show that a liquid drop pendant from a solid
surface can be eﬀectively detached by vibrating the solid at speciﬁc frequency ranges with weak
external vibrations. At these frequencies, the drop oscillation was found to exhibit resonant
behaviour with the solid motion. A novel way to to create a spray was outlined by James et
al. [75]. They placed a liquid drop on a vertically vibrating solid surface which lead to the
formation of waves along the droplet free surface. While secondary droplets were ejected above
a certain critical forcing amplitude, for small forcing frequency, a single drop was ejected from
the tip of the primary drop. Movement of mechanical parts can impose several restriction such
as diﬃculties in integration and noise generation in many applications. Some researchers have
employed electrostatic forces to disengage droplets from solid surfaces [76, 77]. Roux et al. [76]
observed continuous bouncing of the conductive droplet between the electrode plates when a
uniform electric ﬁeld is exerted. This uncontrolled back and forth motion of the droplet is
controlled by coating the upper electrode with a dielectric layer and by adjusting the electric
ﬁeld direction. The experimental investigations of Koji et al. [77] revealed that a vertical electric
ﬁeld can induce a water droplet on a superhydrophobic to jump up from the surface. However,
the authors insisted on the need of precise control of Coulomb forces to prevent droplet splitting.
In addition, detachment and removal of droplets is one of the salient operations in digi-
tal microﬂuidics applications [78, 79]. These applications involve manipulation and removal
of droplets to perform mixing, transport and chemical reactions as shown in Fig 1.3. In this
context, electrowetting has been established as one of the most widely used method for manipu-
lation of liquid droplets [80]. In contrast to chemical and topographical modulations of the solid
surface, electrowetting oﬀers better contact angle variations and switching speeds. The droplets
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Figure 1.3: Droplet transport, precipitate formation and reaction on 3D digital microﬂuidic
platform employing electrowetting (image taken from Hong et al. [3]).
can be propagated freely on surfaces along programmable paths where they can be split, merged
and mixed with higher degree of ﬂexibility. Huang et al [81] performed lattice Boltzmann simula-
tions to study diverse droplet behaviours resulting due to spatio-temporal variations in surface
wettability. They found that under certain conditions, the droplet displays rapid continuous
unidirectional movement. Abdelgawad et al. [79] employed electrowetting technique to manip-
ulate droplet on inclined, twisted and upside-down geometries. More recently, detachment of
droplets from solid surfaces has been established through electrowetting [82, 83, 84]. Lee et
al. [82] introduced droplet jumping by electrowetting and and demonstrated the transport of
sessile droplets to upper surfaces under diverse electrode conﬁgurations. Lapierre et al. [83] pre-
sented a technique to dewet droplets on superhydrophobic surfaces through periodic vibrations
induced due to electrowetting actuation. This approach allowed them to investigate a large of
superhydrophobic surfaces for electrowetting without droplet impalement. Employing square
pulse signals in electrowetting actuations resulted in droplet detachment from hydrophobic sur-
faces [84]. When the pulse width is synchronous with spreading time, it is found that the droplet
is detached more easily. Apart from its relevance to industrial processes, the basic science of the
ﬂuid dynamical aspects of an detaching droplet has attracted several researchers to explore this
phenomenon. The current work is motivated in understanding the mechanism of droplet jump-
ing process from a solid surface through electrowetting. Understanding the involved underlying
ﬂow mechanisms would help in optimizing relevant applications.
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1.3 Contributions of the present work
The contributions of the present work can be grouped into two parts:
1.3.1 Understanding the physics of diﬀerent phenomenon pertaining
to interactions between wall impinging droplets
The complexity of modelling ﬂow physics in which multiple interfaces interact to coalesce or
breakup is accomplished by phase-ﬁeld based LBM method in the present work. We system-
atically investigate the interaction dynamics between two droplets impacting on dry and wet
walls. The formation of a characteristic central jet is observed when droplets impinge simul-
taneously onto thin ﬁlms. The thickness of the thin ﬁlm is characterised into two zones which
inﬂuence the temporal evolution of the central jet. The principle mechanism on the evolution of
upstream, central and downstream crown characteristics when the wall is subjected to transla-
tional motion is discussed. Two diﬀerent interaction modes have been identiﬁed in the present
work for successively impinging drops on dry walls. Eﬀect of contact angle hysteresis on the
droplet interaction for the corresponding modes is thoroughly discussed. Similarly, two diﬀerent
modes of interactions have been identiﬁed for droplets impinging simultaneously with diﬀerent
velocities. The eﬀect of substrate wettability on the dynamics and ﬂow ﬁeld inside the connect-
ing neck have been systematically discussed. The inﬂuence of the surrounding ﬂuid density on
the interaction outcome is addressed in this work. Finally, investigations on internal ﬂow ﬁeld
analysis and mixing inside the droplet for oblique impact cases are conducted.
1.3.2 Methods to suppress drop rebound and understanding the
physics of electrowetting induced droplet transport
We explored, through numerical investigations, diﬀerent methods which would allow rebound
suppression of wall impacting droplets. A new method to suppress droplet rebound via transverse
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wall oscillations to the direction of normal impact on hydrophobic surfaces has been proposed
in the present work. Eﬀect of waveforms, oscillation amplitude, frequency and asymmetric
oscillations on the impact behaviour and outcome have been systematically investigated. For a
particular range of oscillation frequencies, we identify a characteristic ﬂow phenomenon termed
as lateral shifting of the impacting droplet. For a given range of oscillation amplitude and
frequency, a phase diagram has been constructed which summarizes the impact outcome in the
form of droplet rebound and deposition regimes. We next present a method to suppress drop
rebound through physiochemical modulation of the impacting surface. This is achieved though
the application of gradient in surface wettability. The eﬀect of the wettability gradient parameter
of impact outcome has been thoroughly investigated. It is found that this method is useful in
not only suppressing drop rebound, but it also allows directional deposition of the impinging
droplet. The ﬂow physics reveals an inchworm type of motion exhibited by the impacting drop.
The ﬂow physics and the energetics of electrowetting induced droplet jumping and transport
have been studied. The inﬂuence of pulse characteristics and properties of the ambient ﬂuid
on the mechanism of electrowetting induced droplet jumping is systematically investigated. We
classiﬁed the droplet jumping process due to electrowetting actuation into four regimes. Finally,
two diﬀerent modes of droplet transport have been identiﬁed as a function of conﬁnement ratio.
1.4 Thesis layout
The current thesis is structured into two major parts dealing with droplet-wall interactions.
After introducing the motivation and background in this chapter, we proceed to describe the
computational framework developed in chapter 2. Important class of numerical methods pertain-
ing to simulation of incompressible two phase ﬂows are reviewed in this chapter. The governing
equations and the associated numerical procedures of a high density based phase ﬁeld lattice
Boltzmann method employed in the current thesis is then presented. Finally, various benchmark
problems have been tested to verify the accuracy of the developed three-dimensional (3D) solver.
15
CHAPTER 1. INTRODUCTION
In the ﬁrst part, consisting of chapters 3 to 5, detailed numerical investigation on the interaction
dynamics between wall imping drops is presented. Two-dimensional numerical results on the in-
teractions between simultaneously impinging drops onto wet walls is presented in chapter 3. The
chapter begins with the numerical validation of the current two phase solver with the case of a
single droplet splashing on thin ﬁlms. The interaction dynamics of the impacting droplets is then
presented. The inﬂuence of various parameters such as gap separation, ﬁlm thickness, viscosity,
gas density and wall velocity on the crown structure are investigated. Interaction dynamics
between drops impinging onto dry walls is investigated in chapters 4 and 5. Firstly, interactions
between drops impacting successively are presented and discussed in chapter 4. Numerical val-
idation of the 3D solver with experimental results of a micron sized single droplet impact on
solid surface is provided. The eﬀects of trailing drop velocity, surface wettability, drop viscosity
and surface tension on the time-dependent dynamics are investigated during the impingement
process are discussed in detail. Passive particle tracers are seeded inside the droplets to visu-
alize internal mixing. Next, the interaction dynamics between drops impinging simultaneously
is presented in chapter 5. The inﬂuence of contact angle, impact velocity ratio and angle of
impact on the spreading and coalescence processes is investigated for the ﬁxed center-to-center
distance between the droplets. The interaction dynamics between the two droplets is analyzed
through the temporal evolution of the width and height of the connecting neck. Inﬂuence of
impact angle on the interaction dynamics of the central ridge is further investigated. Traces of
diﬀerent ﬂuid particles are calculated to investigate internal ﬂow in oblique impact scenarios.
The second part of this thesis comprises of chapters 6 and 7 which focus on the methods to
control drop behaviour through wall interactions. Chapter 6 ﬁrst presents methods to suppress
droplet rebound by physical and physiochemical modulations of the solid surface. A new method
to suppress droplet rebound on hydrophobic surfaces is presented and discussed via transverse
wall oscillations to the direction of normal impact. Eﬀect of oscillation waveform, amplitude,
frequency and asymmetric oscillations on the impact and rebound outcome have been discussed.
Eﬀect of contact angle hysteresis, in particular the role of receding contact angle, on suppres-
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sion of drop rebound is investigated on normal and oblique impact cases. Finally, the chapter
presents inhomogeneity in surface properties in the form of wettability gradient as a method for
rebound suppression and directional deposition of impinging drops. The evolution dynamics of
droplet lift-oﬀ via electrowetting is investigated in chapter 7. Inﬂuence of pulse characteristics
with respect to its nature, pulse width and double pulse actuation on the jumping dynamics is
discussed. The inﬂuence of surrounding gas density and viscosity on the droplet behaviour is
investigated systematically. Finally, the chapter demonstrates the applicability of wettability-
induced droplet jumping in microﬂuidic devices where eﬃcient transport of droplet is essential.






A pertinent challenge in modeling the interface between two phases is to capture the abrupt
changes accurately in ﬂow properties which arise across the dynamically evolving phase bound-
ary. The interface also involves the complexity of the wide range of length scales to be captured
for realistic numerical computations. While methods involving interface ﬁtting grids provides
a good accuracy in interfacial modeling, these methods become increasingly diﬃcult to model
ﬂows involving droplet coalescence and breakup, especially for three dimensional ﬂows. Diﬀuse
interface methods [85] belong to the class of interface capturing methods in which the phase
interface is numerically resolved over grid points and the surface tension force is transformed
into a volumetric force. As such, no explicit tracking and interface reconstruction is required
for these methods which can model complex interfacial topologies with a desired accuracy of
practical importance.
There are three main types of diﬀuse interface methods (DIM). The ﬁrst type is the so-called
the distributed or tracking force model proposed by Unverdi and Tryggvason [86], in which the
interface is determined by connecting the control points advected by the ﬂow ﬁeld. These points
represented the center of the diﬀused interface and the surface tension forces are computed from
their locations and distributions. The jump across the material properties are smoothed so as
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to take place over several grid points. The second type constitutes the continuum surface force
model [87] which uses a indicator variable such as a colour function or density to mark the
phases. The surface tension force in these models [87, 88] is a function of the gradient of the
indicator variable, curvature and surface tension. While the ﬁrst two type of methods model
surface tension forces, the third type known as the phase ﬁeld model [85, 89], models the ﬂuid
free energy. The free energy functional, which is a function of density or composition and its
gradient, consists of two parts: the bulk energy and the excess free energy at the interface.
The surface tension force in these models is obtained variationally from the free energy density
function.
In the present thesis, we employ the phase ﬁeld model within the framework of the lat-
tice Boltzmann method [90] to conduct the two phase computations. In recent years, LBM has
evolved as a promising CFD tool to model and simulate the physics of ﬂuids. Unlike the conven-
tional numerical methods for ﬂuid ﬂows, the basis of LBM is on the simpliﬁed mesoscopic discrete
Boltzamnn equation. The reduced kinetic nature of the mesoscopic equation encompasses the
essential physics so that the obtained averaged properties recover the macroscopic equations.
Physically, it relates to the principle that the macroscopic behavior of a ﬂuid is the result of the
collective dynamics of several microscopic systems and the overall macroscopic behavior is not
sensitive to the underlying microscopic particle physics. The simpliﬁed kinetic mesoscopic LBM
model avoids the complications involved in solving the full Boltzmann equations. Moreover,
since its principle focus is on the averaged macroscopic behavior, it circumvents the expensive
computational cost involved in tracking individual particles as observed in molecular dynamics
simulations. The method has found applications in diverse areas concerning ﬂuid mechanics
including ﬂow through porous media [91], non-ideal binary and ternary ﬂows [92], microﬂuidics,
particle suspensions [93, 94] and turbulent ﬂows [95] to name a few.
The lattice Boltzmann method emerged in order to overcome the shortcomings of lattice
gas cellular automaton (LGCA) [96, 97]. LGCA employed kinetic particles which propagated
and collided on hexagonal lattice in order to recover hydrodynamics on larger scales. However,
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the particles moving on discrete directions were boolean in nature. LGCA suﬀered with the
violation of Galileani invariance and velocity dependent pressure. Moreover, owing to the sta-
tistical nature of the method, spatial and temporal averaging was required to obtain smooth
solutions. LBM [92, 98, 99] overcame these deﬁciencies of LGCA while keeping the advantages
of LGCA intact. The use of real instead of boolean numbers in LBM substantially reduced the
statistical noise observed in LGCA. The kinetic nature of LBM is an important feature which
distinguishes it from conventional numerical methods. Instead of the nonlinear convection op-
erator encountered in the macroscopic hydrodynamics equations, LBM has a linear convection
operator. The method, along with a relaxation process, recovers the nonlinear macroscopic
hydrodynamic equations with second order accuracy in space and time. The pressure in LBM
can be obtained from equation of state instead of solving a Poisson equation, which is required
during the projection-based approach for incompressible Navier-Stokes equation. Finally, the
localized kinetic attributes of LBM makes it relatively easy for implementation of parallel al-
gorithms and boundary conditions. This feature becomes essentially important when solving
three-dimensional multiphase or multicomponent ﬂows.
2.2 Multiphase lattice Boltzmann models
It is well known that the two-phase interface boundary is mesoscopic in nature, encompassing a
wide range of length scales and a sharp variation in the material properties across the interface.
The kinetic nature of LBM has been useful in incorporating its microscopic physics for simulating
phase interfaces of non-ideal or binary ﬂuids at a reasonable computational cost. In the last
decade, LBM has been successfully employed in solving many multiphase problems [100, 101,
102]. Having a relationship with class of diﬀuse interface methods, the multiphase LB models
do not require explicit interface tracking and care capable to capture complex three dimensional
interfacial topologies.
In general, the important multiphase LB models can be classiﬁed into four main types.
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These include the color gradient model [103, 104], inter particle potential model [105], free-
energy model [106] and index-function model [107]. Gunstensen et al [103] proposed the ﬁrst
multiphase LBM which employed a two-component model consisting of a red coloured ﬂuid
and a blue coloured ﬂuid. It involves a recolouring step which forces the coloured particles
to move towards the same coloured ﬂuid. The method was later extended to model binary
ﬂuids with diﬀerent densities and viscosity ratios [108]. The second type of multiphase LB
model is the pseudopotential (Shan and Chen) model [105]. In this model, an inter particle
potential was deﬁned to capture the interactions between the particles. Particle interactions
due to this potential would lead to phase separation and surface tension force. The forcing
term essentially replaces the ideal equation-of-state (EOS) in single phase LBM with a non-
ideal non-monotonic EOS. Shan [109] outlined that extending the inter-particle interactions
beyond the nearest neighbours is able to eliminate spurious velocities. Falcucci et al. [110]
proposed a multi range interaction model in which the surface tension is controlled independently
of the equation of state. The third type of multiphase LB model is the free energy model
proposed by Swift et al. [106] which is consistent with thermodynamics, i.e the equation of state,
pressure tensor, chemical potential, etc. were derivable from free energy. A modiﬁed equilibrium
distribution function was employed to simulate multiphase ﬂows in this model. It employs
two distribution functions to model density and the density diﬀerence between the phases.
The lack of Galilean invariance is the primary shortcoming of this model and was reported
by Holdych et al. [111]. Inamuro et al. [112] developed a free energy based model which can
capture high density ratios and utilizes a projection method for the pressure correction to enforce
incompressibility. The use of pressure correction at each time step lowers the computational
eﬃciency of LBM. Zheng et al. [113] developed a model based on free energy to simulate high
density ratio using two distribution functions for the mean density and the momentum ﬁelds.
They used the convective Cahn-Hilliard equation to describe the evolution of the interface.
This model was however applicable only to density matched cases and was not applicable to
simulate high density ratio situations [114]. This issue was later circumvented by an improved
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model proposed by Shao et al. [115] which employs a particle distribution function for local
density and momentum ﬁelds. A transformation of the distribution function, similar to that
used in He et al. [116], was introduced to change the distribution functions for the local density
and momentum into that of the mean density and momentum. As such, this model considers
the eﬀect of density contrast and utilises the advantages of particle distribution function for
the mean density. The fourth type of LB model for multiphase ﬂows is the index-function
based model, ﬁrst proposed by He et al. [116] which is valid in nearly incompressible limit
and applies to non-ideal gases. This model uses an index function, which is used to track the
interface and plays the same role of density diﬀerence employed in free energy models. Interfacial
dynamics are modelled through intermolecular forces derived from the mean ﬁeld theory based
on the Champan-Enskog extension of the Boltzmann equation. Phase separation in these models
occurs naturally due to the instability of the supernodal curve of the phase diagram. Accurate
simulations of the Rayleigh-Taylor instabilities were performed with model for nonideal and
dense ﬂuids [107]. Lee and Lin [90] extended this model to simulate ﬂows with high density
ratios. The authors in [90] proposed a compact isotropic ﬁnite diﬀerencing scheme to discretize
the gradients of intermolecular forcing terms which eliminates spurious currents, a common
drawback of diﬀuse interface methods. The authors have also employed the treatment given in
[117] on the characteristics of stress and potential forms related to the pressure tensor. These
models have been applied for various multiphase ﬂows problems such as droplet impact on wet
walls [17, 118], dry walls [119], buoyancy induced interfacial mixing [120, 121], droplet slipping
under shear ﬂows [122] and bubble rise under buoyancy [123].
We next outline the formulation of the employed high density ratio based treatment for
phase ﬁeld LB model [90] in Section 2.3. The discussion is then followed by the details of the
geometry based contact angle formulation used to model the three phase contact line in Section
2.4. Numerical veriﬁcation of the developed solver with benchmark problems is discussed in
Section 2.5, which is then followed by a summary in Section 2.6.
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2.3 Phase-ﬁeld LBM formulation
The lattice Boltzmann equation (LBE) for macroscopic motion of a ﬂuid ﬂow is written as
∂fα
∂t + �eα.∇fα +
(�eα − �u).(�F + �G)
ρc2s
f eqα = −
(fα − f eqα )
λ (2.1)
where fα ≡ fα(�x,�eα, t) is the single particle distribution function, �x is the spatial location, eα is
the discrete particle velocity for the direction α, λ is the relaxation time, cs is the speed of sound
for the lattice model, ρ denotes the ﬂuid density, F is the eﬀective intermolecular force exerted
on each particle and G is the force due to gravity. In a system of immiscible incompressible
ﬂuids, the intermolecular force represents the attraction among the molecules with the aid of
the mean-ﬁeld approximation and the exclusion-volume of molecules [124]. The intermolecular










where κ is a constant and is related to the magnitude of surface tension. The intermolecular force
Fi is comprised of a phase separating force which depends on the non-ideal equation of state and
the surface tension force. The gradient of the thermodynamic pressure, which is mechanically
unstable in a narrow region, maintains the phase separation between the two phases by a diﬀused
interface.
The diﬀuse interface has to be resolved over a number of grid points for its numerical im-
plementation. The surface tension force is a function of density gradients of the interface and
maintains a balance of thermodynamics pressure gradient between the two sides of the inter-
face. The intermolecular force can be written in the two forms: In the ﬁrst form, the forcing is
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where p is the modiﬁed pressure









The pressure P used in Eq. (2.2) is a function of density and goes through large ﬂuctuation
when the density ratio is large. The modiﬁed pressure varies smoothly across the interface and
is equal to the thermodynamic pressure P in the bulk phase as the density gradients in these
regions are zero. This form is eﬀective for satisfying momentum conservation while maintaining
a smooth variation across the interface.
In the second form, the intermolecular forcing term can be re casted using Eq. (2.2) as







The chemical potential φ, a derivative of the free energy with respect to the density, is related




















and the bulk free energy is assumed to take the following form
Ef (ρ) ≈ β(ρ− ρsatv )2(ρ− ρsatl )2 (2.8)
where β is a constant and ρsatv and ρsatl are the saturation densities of vapour and liquid, respec-
tively. The density proﬁle across the interface for a plain interface at the equilibrium is given
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where D is the interface thickness given as
D =
4
(ρsatl − ρsatv )
� κ
2β (2.10)
and the surface tension force σ is given by
σ = (ρ
sat




In order to improve the numerical stability of the scheme, the discrete LBE Eq. (2.1), which
corresponds to mass and momentum equations, is transformed into the pressure and momentum
counterparts. A new particle distribution function is deﬁned using the following transformation
as





















Since the pressure and momentum ﬁelds are obtained from this transformed distribution function
g, another distribution function f is used to track the density. The stress form of intermolecular
force is used for the pressure and momentum distribution function. To track the density ﬁeld,
the potential form is used for the corresponding distribution function. For a D3Q19 lattice
model, the equilibrium distribution functions to the second order of macroscopic velocity �u are
given by
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,α = 7, 8, ..., 17, 18 (2.16)
In summary, a three stage process is adopted to solve the resulting LBEs:
(i) Pre-streaming step

























f¯α(x, t) = fα(x, t)−
















g¯(x+ eαδt, t+ δt) = g¯α(x, t) (2.19)
f¯(x + eαδt, t+ δt) = f¯α(x, t) (2.20)
26
2.3. PHASE-FIELD LBM FORMULATION
(iii) Post-streaming step
gα(x+ eαδt, t+ δt) = g¯α(x+ eαδt, t+ δt)
− 1




























fα(x+ eαδt, t+ δt) = f¯α(x+ eαδt, t+ δt)
− 1








(eαi − ui)[∂iρc2s − ρ∂i(φ− κ∂2j ρ)]
c2s
Γα(u)|(x+eαδt,t+δt) (2.22)
The density of the ﬂuid ρ, the hydrodynamic pressure p and the velocity u are calculated by







































The relaxation parameter τ is related to the kinematic viscosity ν = τc2s∂t, which can be
calculated by a linear interpolation
τ = Cτl − (1− C)τv (2.26)
where τl and τv are the relaxation times for liquid and vapour, respectively and the quantity C
is the composition given by
C =
(ρ− ρsatv )
(ρsatl − ρsatV )
(2.27)
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Along with the consistent discretizations of the intermolecular forcing terms, the aforemen-
tioned two-phase LBE formulation provides necessary stabilization at high density and viscosity
ratios. While the mixed diﬀerence scheme is used in the pre-streaming collision step, the second
order central diﬀerence scheme is considered for the forcing terms in the post-streaming collision
step. There are several directional derivatives of ρ and µ in the governing equations which needs
to more attention while computing. The second-order central diﬀerence (CD) for the directional
derivative can be expressed as [90]:
eiαδt ∂CDα ζ∗|x =
1
2
[ζ∗(x+ eiαδt)− ζ∗(x− eiαδt)] (2.28)
and second-order biased diﬀerence (BD) is given by:
eiαδt ∂BDα ζ∗|x =
1
2
[−ζ∗(x+ 2eiαδt) + 4ζ∗(x + 2eiαδt)− 3ζ∗(x)] (2.29)
Lee and Lin proposed to apply the second-order biased or a mixed diﬀerence scheme in pre-
streaming step while the standard central diﬀerence scheme for the directional derivatives in
post-streaming step. This step is critical for handling high density ratio cases in the present
model. The mixed diﬀerence scheme switches computational stencils from second-order biased
diﬀerence scheme to central order discretization when non-smoothness is identiﬁed. The second
order mixed diﬀerence (MD) is given by:
eiαδt ∂MDα ζ∗|x = eiαδt ∂BDα ζ∗|x, if (eiαδt ∂BDα ζ∗|x × eiαδt ∂CDα ζ∗|x) ≥ 0 (2.30)
eiαδt ∂MDα ζ∗|x = eiαδt ∂CDα ζ∗|x, if (eiαδt ∂BDα ζ∗|x × eiαδt ∂CDα ζ∗|x) < 0 (2.31)
Hence, when non-smoothness is detected, the computational stencil switches from second-order
biased discretization to second-order central discretization. The derivatives other than the
directional derivatives were calculated by taking the moments of the 1-D second-order central
diﬀerence along the characteristic directions. The ﬁrst and second derivatives are discretized as
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wα[ζ∗(x+ eiαδt)− 2ζ∗(x) + ζ∗(x− eiαδt)]
c2sδt2
(2.33)
where ζ∗ is the scalar variable and i is the unit vector pointing along the i-coordinate axis.
The last component of the computational solver required to model drop-wall interactions is
the contact angle model. This is necessary to model the three phase contact line when drops
interact with dry walls. We next present the wetting boundary conditions for droplet-wall
interaction.
2.4 Partial wetting boundary conditions
When a droplet comes in contact with a solid surface, capillary forces act onto the three phase
contact line leading to droplet spreading. The angle between the solid surface and the contact
line in equilibrium is deﬁned as the static contact angle. At equilibrium, the contact angle can





where σ, σsg and σsl are the liquid-gas, solid-gas and solid-liquid surface tensions, respectively.
Various ways have been proposed to incorporate the eﬀect of ﬂuid-solid interaction forces in LB
models. Usually the surface energy approach [89, 125] is used to determine the contact angle
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obtained from Young’s Eq.( 2.34). In this approach, the solid-gas and solid-liquid surface ten-
sions will be related to an additional term in the Landau free-energy functional which describes
the interactions at the surface between the solid and the ﬂuid. Minimization of the free energy
functional [126] results in a two natural boundary conditions. Mukherjee and Abraham [127],
the eﬀects of a solid surface on ﬂuids are represented by introducing an external force ﬁeld at
the wall nodes. The strength of the external force was reported to be linearly proportional to
the equilibrium static contact angle and tabulated for interpolation. Benzi et al. [128] presented
a mesoscopic method based on Shan-Chen model [105] to account for the interactions between
the ﬂuid and the solid wall. They derived an analytical expression for contact angles ranging
from 0◦ to 180◦. The contact angle was modiﬁed by changing a parameter ρw which provided a
corresponding change in surface ﬂuid density on the wall.
In the present work, to implement the wetting boundary condition we employ the geometric
formulation proposed by Ding and Spelt [129]. This geometric scheme has been also employed
in the framework of LBM to investigate the dynamics of sliding droplet on ideal and non-ideal
surfaces [122]. A surface is said to be ideal when it is atomically ﬂat, chemically homogeneous,
isotropic, insoluble, non-reactive and non-deformed solid surface, else it is non-ideal. It assumes
the density contours in the interface to be parallel to each other including the regions near the
solid surface. This assumption relies on the fact that the interface is in the equilibrium or near
equilibrium conditions at the solid surface. As such it is not applicable for scenarios where the
interface near the contact region may signiﬁcantly thinned or thickened during computations.
Furthermore, the interface has to be resolved by 4-8 grid points. For a diﬀuse interface method,
it is required that the interface has enough grid points to resolve it including the region near the
contact line. Figure 2.2 shows a schematic representation of the interface near the three phase
contact region. The unit vector ns, perpendicular to the interface near the surface, is given by




The gradient of the scalar ﬁeld ρ can be decomposed into the tangential and normal components
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Figure 2.2: Schematic representation of liquid drop on solid surface with contact angle. Diﬀused
interface is shown by dashed lines.
as,
∇ρ = (n ·∇ρ)n + (t ·∇ρ)t (2.36)
where t and n are the unit tangential and normal vectors on the surface, respectively. Hence











|∇ρ− (n ·∇ρ)n| (2.37)




The discrete form of the Eq. (2.37) can be expressed as






where i and j index denotes the two orthogonal directions on the wall plane and the third index
indicates the direction normal to the wall plane. The quantify ζ = |(t.∇ρ)t| is expressed as
ζ =
�
(ρi+1,j,2 − ρi−1,j,2)2 + (ρi,j+1,2 − ρi,j−1,2)2 (2.40)
From the above form, we can achieve a desired wettability between the solid and the ﬂuid by
specifying the desired contact angle in Eq. (2.39). Once the density on the boundary points is
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speciﬁed, the normal gradient condition in Eq. (2.38) is satisﬁed in the solver.
The geometric formulation for wetting condition is extended to include the eﬀects of non-
ideal surfaces, i.e surfaces exhibiting contact angle hysteresis (CAH) [122]. If the contact angle
θ subtended by the interface lies within the hysteresis window (θR ≤ θ ≤ θA) , the three phase
contact line remains pinned to the surface. This dynamic constraint can be implemented by
calculating the local contact angle at each contact point for every time step, and comparing its
value with the hysteresis window. If θ is greater than the advancing angle θA, θ in Eq. (2.39) is
replaced by θA. Similarly, if θ is less than the receding angle θR, θ is superseded by θR.
For certain cases considered in this thesis, we have employed moving walls to study the
dynamics of droplet-wall interaction. For those cases, the no-slip conditions in the LBM are
implemented with the bounce-back scheme in which a certain amount of momentum must be
added to the bounced distribution function to reﬂect the ﬂuid–solid interaction (i.e. the mo-
mentum transfer) at the boundary surfaces. All particles colliding with the moving wall along
with reversing their momenta acquire the momentum imposed by the wall:




where Uwall is the wall velocity. We next verify the accuracy of our implementation of the three
dimensional LBM solver with benchmark problems and validate with experimental results from
previous literature.
2.5 Numerical veriﬁcation
In this section, we proceed to the numerical veriﬁcation of the implemented 3D multiphase
solver. Several benchmark cases with increasing complexity such as the Laplace law, droplet
oscillation, droplet spreading on a ﬂat surface and droplet slipping in shear ﬂow are investigated




The Laplace law veriﬁcation of a stationary bubble is a standard benchmark problem to evaluate
the surface tension. According to the Laplace law, the pressure diﬀerence ΔP across the interface
of a stationary bubble in equilibrium with the surrounding ﬂuid follows the relation:




where ΔP is the pressure diﬀerence across the interface, Pin and Pout are in the pressure inside
and outside the bubble respectively, σ is the surface tension and R is the radius of the bubble.
A spherical bubble was initialized inside a domain of 121 × 121 × 121 domain with periodic
boundary conditions on all sides. The liquid and the ambient properties are used for the present
simulation are ρl = 100.0, ρg = 1.0, τl = 0.1, τg = 1.0 and σ = 0.0001. Fig. 2.3 quantitatively


















Figure 2.3: Veriﬁcation of Laplace law for a 3D stationary bubble inside a periodic domain.
compares the pressure diﬀerence obtained from the present numerical results with the analytical
solutions for varying droplet radii. A good agreement is observed between the numerical results
and analytical solutions. One of the unwanted features of LBE based diﬀuse interface methods is
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the generation of spurious velocities across the interface. Hence, it is necessary to investigate the
generation of these spurious currents in the employed method. Table 2.1 shows the maximum
spurious velocity (Umax) around the bubble for diﬀerent interface thickness. It is noted that
the magnitude of these spurious currents is in the order of O(10−8). It is observed that the
Table 2.1: Maximum spurious velocity as a function of interface thickness D for a bubble radius
R = 25: (A) σ = 0.0001 and (B) σ = 0.00001.
D 4 6 8
(A) Umax(×10−8) 11.55 8.30 2.80
(B) Umax(×10−9) 18.14 8.75 3.06
magnitude of Umax reduces with increase in the interface thickness whereas the larger surface
tension magniﬁes the spurious velocities. In addition, the magnitude of these spurious currents
may somewhat increase for a moving interface condition.
2.5.2 Droplet spreading on a ﬂat plate
For the case of static wetting, we analyze the equilibrium shape of the droplet on a solid surface
for diﬀerent contact angles. In our simulations, top and bottom boundaries are imposed with
equilibrium bounce back conditions [119] and all the side boundaries are considered to be peri-
odic. The computational domain employed was 180×180×80. The simulations parameters are:
ρl = 1.0, ρg = 0.001, σ = 3.320 × 10−3 and τl = τg = 0.5. A hemispherical droplet of radius R
= 25 is initialized of the ﬂat surface corresponding to θ = 90◦. As the simulation proceeds, the
droplet evolves to reach its equilibrium shape corresponding to the imposed surface wettability.
The angle θ is speciﬁed using Eq. (2.39). Figure 2.4 shows the equilibrium shapes of the inter-
face proﬁles for diﬀerent contact angles. The equilibrium contact angle is then measured at the
contact line using the geometry of the droplet proﬁle obtained from the simulations. Figure 2.5
shows the diﬀerence between the prescribed and the measured contact angles. We ﬁnd that the
ﬁnal contact angles obtained from the numerical simulations are consistent with the imposed
contact angles. In the four cases considered in Fig. 2.5, the discrepancy between the obtained
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(a) 60◦ (b) 90◦
(c) 120◦
Figure 2.4: Equilibrium interface proﬁles of the droplet on a ﬂat plate with varying wettabilities:
θ = (a) 60◦ (b) 90◦ (c) 120◦.
and the speciﬁed contact angle is less than 2◦. This veriﬁes that the employed geometric scheme
is accurate for the speciﬁcation of surface wettability on an ideal solid surface.
2.5.3 Droplet Oscillation
The oscillations of a liquid droplet is studied to evaluate the accuracy of the LBM model. When
the stationary droplet is perturbed from its spherical equilibrium shape, it exhibits oscillatory
behaviour under the action of capillary forces and viscous dissipation. It will eventually reach
its equilibrium shape. The drop oscillation frequency depends upon the surface tension and can
be predicted by [130]
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Figure 2.5: Quantiﬁcation of error between the prescribed contact angle (θm) and the measured
contact angle obtained from the 3D droplet on a ﬂat solid surface.
where n = 2 for second mode of oscillations, ωn is the angular frequency, σ is the surface
tension, ρl is the droplet density and Ro is the equilibrium droplet radius. The simulations
of both the cases were performed in a 100×100×100 computational domain surrounded by
periodic boundaries. The density ratio (ρl/ρg) for both cases is maintained at 1000. In the
present simulation an ellipsoidal drop is initialized with its center located in the center of the










It is to be noted that Ro can be calculated through mass conservation. In the present simulation
R = 30 lattice units. The parameters of both the cases and the numerical oscillatory frequencies
are listed in Table 2.2.
From Fig. 2.6 it can be observed that the oscillations decay faster when the viscosity is
low. The oscillation period is calculated by measuring the time diﬀerence between the two
neighbouring peak points along the interface curve. For case B, the angular frequency is smaller
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Table 2.2: Numerical and theoretical angular frequencies for an oscillating drop
Case σ τg = τl Theory Numerical Error
A 0.001 0.1 5.371×10−4 5.531×10−4 -2.97 %
B 0.0001 0.05 1.698×10−4 1.619×10−4 4.66 %












time t in lattice units
Figure 2.6: Temporal evolution of Rx of an oscillating ellipsoidal droplet for both the considered
cases.
than that observed in case A because at lower surface tension the force to drive the droplet to
its equilibrium position is lower. Table 2.2 lists the error between numerical and theoretical
angular frequencies is less than 5%, which demonstrates the accuracy of the method.
2.5.4 Droplet slipping in shear ﬂow
To investigate the eﬀect of contact angle hysteresis, we model the motion of a droplet driven
under shear ﬂow. A hemispherical droplet of radius R = 25 lattice units is initialized on the
lower surface and slips in a shear ﬂow driven by an upper wall moving with a constant velocity
Uwall. Figure 2.7 illustrates the interface proﬁles of the droplet along the mid Y -plane and the
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Figure 2.7: Four typical modes of contact lines obtained for diﬀerent contact angle hysteresis
window: (a) θA = 110◦, θR = 0◦, (b) θA = 180◦, θR = 70◦, (c) θA = 180◦, θR = 0◦ and (d) θA =
110◦, θR = 70◦.
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corresponding contact line proﬁles at diﬀerent time instants. Four typical modes of contact lines
are observed for the speciﬁed hysteresis window. We observe that for case (a), as time proceeds,
the droplet begins to deform. However, even though the droplet undergoes deformation, the
contact line does not change initially. As the angle subtended by advancing interface exceeds θA
= 110◦, the contact line begins to move as shown from the leading part of the droplet in Fig 2.7
(a). The trailing part of the contact line remains pinned to the surface for the entire duration
as θR = 0◦. Similarly, we observe that the front part of the contact line remains pinned to the
surface while the trailing end moves for θA = 180◦ and θR = 70◦ for the interface proﬁles shown
in case (b). Figure 2.7 (c) depicts a mode where the contact line is completely pinned to the
solid surface while the droplet continues to undergo deformation. The contact line shown on the
bottom surface remains ﬁxed to its initial position, clearly illustrates this observation. Finally,
we observe a mode in Fig. 2.7 (d) where both the advancing and the receding contact lines
move when the contact angles subtended by the interface reach the corresponding advancing
and receding contact angles, respectively.
2.6 Summary
In this chapter, a brief review of the important class of diﬀuse interface methods employed for
two phase computations is presented. This was followed by a short discussion on the major
multiphase models used within the framework of the lattice Boltzmann method. A high density
ratio based phase ﬁeld LB method was employed in this study to develop the 3D solver. This
method employs two distribution functions: one for pressure and momentum and the other
for density which recovers to a Cahn-Hilliard like equation. The stress and potential forms
of the surface tension forces were utilized for the corresponding distribution functions. These
computations are performed in a three stage process, wherein diﬀerent compact isotropic dis-
cretization schemes are used on the forcing terms at pre-collision and post-collision stages. A
geometry based contact angle formulation employed in the developed solver was then presented.
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Benchmark cases including Laplace law, oscillating drop and drop spreading on ﬂat surfaces
for diﬀerent contact angles were simulated to verify the developed three dimensional solver.
After discussing the developed computational framework in this chapter, which will be used to
investigate the objectives outlined in the previous chapter, we next proceed to investigate the
dynamics of droplet-wall interactions.
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Interactions between two wall impinging
droplets: Wet walls1
We begin our investigation on the drop-wall interactions with study of the interaction dynamics
of wall impinging droplets. In particular, we will focus on drops impacting onto wet walls and
dry walls. In applications pertaining to printing or painting, sequential deposition of drops
on the target surface often leads to the formation of thin ﬁlm. Subsequent drop impingement
occurs on the pre-deposited liquid ﬁlm. This chapter investigates the interactions between
two simultaneously impinging drops on wet walls. It is important to consider the interactions
between a large number of drops impacting onto a target surface to account for the overall
structure and hydrodynamics of the printed line or surface. However, the basic understanding
on the interaction mechanism between impacting drops can be obtained from a two droplet
conﬁguration.
The dynamic behavior of droplet impact on a pre-existing liquid ﬁlm is a complex phe-
nomenon with strong interface deformations, rapid velocity changes and the formation of sec-
ondary droplets. In this chapter we investigate the interaction behavior of two drops impinging
simultaneously on thin ﬁlms. The objective of the present work is to apply LBM to study the
1Parts of this chapter have been published as ”K. A. Raman, R. K. Jaiman, T. S. Lee and H. T. Low, On
the dynamics of crown structure in simultaneous two droplets impact onto stationary and moving liquid ﬁlm,
Computers & Fluids, 107: 285-300, 2015.”
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hydrodynamics of simultaneous impact of two droplets on stationary and moving liquid ﬁlms.
Through 2D computations we identify the eﬀect of the separation gap between the two im-
pinging droplets and the ﬁlm thickness on the time evolution of central jet and spread length.
We then analyse the eﬀect of viscosity ratio on the crown structure. To study the inﬂuence of
the surrounding ﬂuid, the eﬀect of gas density on the jet evolution is discussed by varying the
density ratio of gas and liquid to examine the changes in the crown structure and the central
jet height. Finally, the eﬀect of moving wall has been investigated to study the crown struc-
ture and central jet evolution. The present numerical work, being a ﬁrst systematic study on
simultaneous impact of two droplets on liquid ﬁlms, has been performed in two dimensions. As
pointed by Tanaka et. al [131], a three-dimensional study will be required to understand the
position of the impact point and inclination angle of the central jet.
The rest of this chapter is organized as follows. In Section 3.1, we provide the details of the
of computational domain followed by numerical validation in Section 3.2. Section 3.3 outlines a
range of parametric results and discussions on the simultaneous impact of two droplets on liquid
ﬁlm. Section 3.4 presents the inﬂuence on moving wall on the crown structure. Concluding
remarks are provided in Section 3.5.
3.1 Computational Setup
Two liquid droplets of diameter Do, density ρl, and dynamic viscosity µl impinge normally onto
a wall covered by a thin liquid ﬁlm of the same ﬂuid of thickness H. The impact velocity of both
droplets is set to Uo. All length scales are non-dimensionalised by the droplet diameter Do and
the time scales by Do/Uo. The non-dimensional ﬁlm thickness is given by H ∗ = HDo . Figure 3.1
shows a schematic of the computational domain. The center-to-center distance between the two
droplets is given by ΔX. The computational domain for the simulations is selected as 9Do×6Do
and droplet diameter Do = 200 lattice units. The employed mesh is ﬁne enough to resolve the
given problem as shown in [17, 90]. No-slip and open boundary conditions are imposed for
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Figure 3.1: Schematic of simultaneous impact of two droplets on a liquid ﬁlm.
the bottom and the top boundaries, respectively, while the side boundaries are considered to be
periodic. For the case of moving wall, no-slip boundary condition is imposed using the bounce
back scheme [132] in which the colliding particles not only reverse their momenta, but also gain
momentum due to the wall velocity Uw as given by Eq.(2.41). Unless otherwise mentioned, the
liquid-gas density ratio (ρr) is set to 1000. We neglect the eﬀect of gravity in our simulations as at
early stages on impact dimensional analysis indicate the eﬀects of gravity to be negligible [133].
3.2 Numerical validation
The phenomenon of single droplet with an initial velocity splashing on a liquid ﬁlm is inves-
tigated to further verify the developed solver. In this test case, a computational domain with
a grid size of 1400 × 600 is employed. The non-dimensional ﬁlm thickness of H∗ = 0.15 is
used with no-slip and open boundary conditions for bottom and top boundaries, respectively.
Periodic boundary conditions are applied to the side boundaries and the simulation were per-
formed for a density ratio of 1000. The important non-dimensional parameters considered for










where Uo is the initial impact velocity of the droplet, σ is the surface tension, µl and ρl are the
liquid dynamic viscosity and density, respectively. The Reynolds number and Weber number
are set to be 500 and 8000, respectively. Figure 3.2 depicts the time evolution of a single droplet
(a) T = 0.10 (b) T = 0.20
(c) T = 0.40 (d) T = 1.6
Figure 3.2: Time evolution of single droplet impact on liquid ﬁlm for H ∗ = 0.15;We =
8000, Re = 500
impact on a liquid ﬁlm. The droplet comes in contact with the liquid ﬁlm (T = 0.10). As the
droplet impinges, small liquid jet is seen near the neck at the contact region between the droplet
and ﬁlm (T = 0.20). This radial jet grows in time forming a corona (T = 0.40). The crown
formed propagates outwards, increasing in height and decreasing in thickness (T = 1.6). Figure
3.3 shows entrapped vapor bubbles between the droplet and the liquid ﬁlm. Entrapment of air
bubbles has been also found by Nikolopoulos et. al [15], who employed VOF method to study
this phenomenon. Figure 3.3(a) shows the thin layer of gas between the droplet and the ﬁlm
at T= 0.20. This trapped gas bubbles eventually undergo phase change and are dissolved into
the liquid as shown in ﬁgure 3.3(b). The present LBE method allows phase change due to
pressurization/depressurization [124].
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T = 0.20 T = 0.40
Figure 3.3: Illustration of air entrapment along the impact region between the droplet and liquid
ﬁlm at time instant (a) T=0.20 and (b) T=0.40. The corresponding parameters are Re = 500,
We = 8000 and ρr = 1000.
In early stages of impact, it is observed that the temporal evolution of crown radius R∗ follows
a power law for spreading behavior. Yarin and Weiss [13] suggested the following empirical
relation for the dependence of crown radius with non-dimensional time T
R∗ = C(T ∗ − T ∗o )n, (3.3)
where n = 1
2




o f 3/8), T ∗ = tUo/Do, f is drop impact frequency and
T ∗o is the approximate formation time of crown structure. Figure 3.4 shows the time evolution
of the base radius of the crown. In our computations, it is observed that the crown radius for
all the Reynolds numbers follow the power law. However, the slight discrepancy from the power
law may be due to an impulsive started nature of the droplet impact and owing to 3D physics
of the crown structure formation.
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Figure 3.4: Time evolution of crown radius for Re = 500, We = 8000 and ρr = 1000.
3.3 Results and Discussions
In this section, we will systematically investigate the simultaneous impact of two droplets onto
a thin ﬁlm of the same ﬂuid. The crown structure and central jet height are studied by varying
the various parameters. To study the eﬀect of these parameters, Reynolds number (Re) and
Weber number (We) of all simulations were ﬁxed for Re = 100 and We = 800 unless otherwise
stated. Figure 3.5 shows the diﬀerent geometric parameters which are measured in order to
quantify the crown structure in the present study.
3.3.1 Role of horizontal spacing
The eﬀect of horizontal spacing on the formation of central jet has been studied using three
diﬀerent values of ΔX ( ΔX = 1.5D, 1.8D and 2.1D). Figure 3.6 shows the time evolution
of the central uprising jet for ΔX = 1.5D and ΔX = 2.1D. After the impact, two small
rims are formed along the outer periphery of the drop-ﬁlm contact region (T = 0.25). These
rims grow outwards forming a crown with increasing radius and height. The two rims located
47
CHAPTER 3. INTERACTIONS BETWEEN TWO WALL IMPINGING DROPLETS: WET WALLS
Figure 3.5: Schematic showing diﬀerent geometric parameters involved in the development of
crown structure, where h is the central jet height, Ha is the upstream jet height and Hb is the
downstream jet height
between the droplets propagate towards each other and form the central uprising jet. This
central jet is formed upon collision and coalescence of the two rims between the impinging
droplets. Since the liquid in the two interacting rims is inertia dominated, the velocity and
thickness of each rim is not inﬂuenced by their interactions. However, near the narrow region of
collision between the rims, the velocity is inﬂuenced. When the horizontal separation between
the droplets is ΔX = 1.5D, the two rims collide at T = 0.35 and rise forming a combined
uprising jet (T = 0.55− 1.0). At ΔX = 2.1D, it is seen that the two central rims propagate for
a longer period of time, before the onset of collision between the central rims (T = 0.55). It is
observed that a certain amount of air entrapment is observed in ﬁgure 3.6 when the horizontal
separation (ΔX) is 2.1D. This may be the result of the two-dimensional geometry of the current
simulation. A three dimensional simulation is necessary to further investigate this eﬀect where
the air in between the central rims can move out from other directions.
Figure 3.7(a) shows the time evolution of non-dimensional central jet height for diﬀerent
horizontal spacing between the droplets. It is observed that as the horizontal gap between the
droplets increases, the time evolution of the central jet height decreases. Since the central rims
take longer time to propagate before colliding at larger horizontal spacing, hence the uprising jet
is formed over a longer time after impact. The time evolution of spread length (SL), as shown in
Figure 3.7(b), indicates the increase in the spread length with increase in the horizontal spacing
between the droplets. This can be attributed to the time taken for the initial onset of formation
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T = 0.25 T = 0.25
T = 0.55 T = 0.55
T = 1.0 T = 1.0
Figure 3.6: Time dependence of droplet impact on horizontal spacing ΔX = 1.5D (left) and ΔX
= 2.1D (right), respectively; We = 800, Re = 100, H* = 0.15, ρr = 1000.
of central jet. When the droplets are situated closer to each other, early coalescence of the rims
leads to early formation of central jet, hence the droplet spreads radially in one direction only.
With the onset of jet formation, the central rims move in upward direction while the outer rim
moves radially as well as in height. For the higher horizontal gap separation, delay in the onset
of central jet formation allows in between rims to propagate radially for a longer time, which
leads to a greater spread length.
49
CHAPTER 3. INTERACTIONS BETWEEN TWO WALL IMPINGING DROPLETS: WET WALLS





























































Figure 3.7: Eﬀect of horizontal gap spacing (ΔX) on the (a) central jet height (h) and (b) spread
length (SL); We = 800, Re = 100, H* = 0.15, ρr = 1000.
3.3.2 Role of drop viscosity
Next, we analyse the eﬀect of viscosity ratio on the crown structure. Viscosity ratio between the
two ﬂuids is an important parameter in understanding the ﬂow dynamics of multiphase systems.
Lee et. al. [90] studied the eﬀect of viscosity ratios on the impact behavior of a single droplet on
a liquid ﬁlm. They observed droplet deposition and splashing for high and low viscosity ratios,
respectively. In the present study, the viscosity of gas is kept constant such that the eﬀect of
viscosity ratio is determined by the viscosity of the liquid resulting in diﬀerent Reynolds number.
We will consider three diﬀerent ﬂuid-gas viscosity ratio corresponding to Reynolds number: 100,
200 and 500. Figure 3.8 shows the time evolution of simultaneous droplet impact for Re=100
and Re=500. It can be seen that for a lower liquid viscosity, the central jet propagates at a faster
rate. This can be revealed from close inspection of the density contour plots in ﬁgures 3.8(c)-
(e). The ﬁgure also illustrates the inward bending of the outer rims for Re=500 compared to
the relatively straight outer rims for Re=100. Figures 3.9(a) and (b) show the instantaneous
vorticity distribution at T=1.0 for Re=100 and Re=500, respectively. The colour scale shows
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T = 0.25 T = 0.25
T = 0.55 T = 0.55
T = 1.0 T = 1.0
Figure 3.8: Time dependence of droplet impact on viscosity ratio Re = 100 (left) and Re = 500
(right), respectively; We = 800, ΔX = 1.8D, H* = 0.15,ρr = 1000.
(a) (b)
Figure 3.9: Instantaneous vorticity contours for (a) Re = 100 and (b) Re = 500 at T = 1.0; We
= 800, ΔX = 1.8D, ρr = 1000.
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high vorticity regions in dark colors. Two counter-rotating vortices can be seen around each of
the outer rims and the central jet due to the interaction of the structures with the surrounding
ﬂuid. The strength of the vortices around the ejecta is higher for the ﬂuid with lower viscosity
which result in the inward bending of the outer rims for Re=500. It is also observed that the
vorticity strength is stronger in the inner side of the outer rims. In ﬁgure 3.10(a), we compare
the time evolution of the central jet height for the three Reynolds numbers. It shows that for
increasing Reynolds number, the central jet height increases. The log-log plot on time evolution
of spread length shown in ﬁgure 3.10(b) shows no signiﬁcant dependence on liquid viscosity.
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Figure 3.10: (a) Central jet height, h and (b) time evolution of spread length (SL) for diﬀerent
Reynolds number; We = 800, ΔX = 1.8D, ρr = 1000.
3.3.3 Role of liquid ﬁlm thickness
Film thickness aﬀects the formation of the central jet as it is formed by drawing liquid from
both droplet and ﬁlm.The inﬂuence of ﬁlm thickness on crown radius of a single droplet impact
on thin ﬁlm was studied by Yarin [13] and Roisman [134]. The authors provided an analytical
prediction on low rate of increase in crown radius with increase in ﬁlm thickness. Mukherjee
[17] and Shetabivash [16] numerically investigated the eﬀect of ﬁlm thickness on crown height
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and radius. The authors concluded that when the ﬁlm thickness is thin, the rate of increase
of crown height and radius increases with ﬁlm thickness. However, for thicker ﬁlms, there is
a decrease in the rate of increase of crown height and radius. In the present simulation, the
(a) (b)
Figure 3.11: (a) Velocity ﬁeld and (b) streamlines near the base of central jet for H ∗ = 0.1 at
T = 0.55 for Re = 100, We = 800, Δ X = 1.8D, ρr = 1000.
non-dimensional ﬁlm thickness H∗ is varied from 0.1-1.25 to study the eﬀect of ﬁlm thickness on
height of the central jet and the spread length. Figures 3.11(a) and (b) show the velocity ﬁeld
and streamlines near the base of central jet for a ﬁlm thickness of H ∗ = 0.1 at T = 0.55. It is
observed that the liquid motion near the wall is primarily in the radial direction. The velocity
vectors and streamlines are mostly parallel to the wall. When the ﬁlm is thin ( H ∗ = 0.1-0.2),
liquid getting into the two central rims forming the central jet increases with increase in ﬁlm
thickness. As such, the resistance for the ﬂuid movement from the wall is reduced, facilitating
in the evolution rate of jet height. Consider the velocity ﬁeld and the streamlines shown in
ﬁgures 3.12(a) and (b) for the ﬁlm thickness H∗ = 1.25 when T = 0.55. It can be seen that
simultaneously along with the radial component of velocity, a velocity component normal to the
wall also exists.
Figure 3.13 (a) shows the temporal evolution of the non-dimensional central jet height for
thin ﬁlms. It can be seen that the rate of increase of the central jet height (h) increases as the
ﬁlm thickness ﬁlm (H∗) increases. For thicker ﬁlms an opposite trend is observed for increase
in jet height rate with ﬁlm thickness. As shown in ﬁgure 3.13(b), with increase in ﬁlm thickness
(H∗ = 0.50 − 1.50), the central jet height rate decreases. This reversal in jet height rate is
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(a) (b)
Figure 3.12: Velocity ﬁeld and streamlines near the base of central jet for H ∗ = 1.25 at T =
0.55 for Re = 100, We = 800, ΔX = 1.8D, ρr = 1000.































































Figure 3.13: Inﬂuence of ﬁlm thickness (H*) (a) H* = 0.1−0.2 and (b) H* = 0.5−1.25 on the
time evolution of the central jet height (h); Re = 100, We = 800, ΔX = 1.8D, ρr = 1000.
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attributed to the normal velocity component. Due to the normal component of velocity, impact
energy of the droplet is dissipated in the liquid ﬁlm and this dissipation of impact energy increases
with the increase in the ﬁlm thickness. Hence the two central rims forming the uprising jet have
lesser energy and they rise to lower heights. This diﬀerence in behavior of central jet height for
diﬀerent ﬁlm thickness is shown in ﬁgure 3.14(a) for diﬀerent time steps. This clearly indicates
the existence of two zones based on the ﬁlm thickness which aﬀect the behavior time evolution of
central jet height. Figure 3.14(b) shows the eﬀect of time evolution of spread length for diﬀerent


























































Figure 3.14: (a) Central jet height (h) vs ﬁlm thickness(H∗ at diﬀerent time steps and (b) time
evolution of spread length (SL) for diﬀerent ﬁlm thickness; Re = 100, We = 800, ΔX = 1.8D,
ρr = 1000.
ﬁlm thickness. It shows that the rate of increase of the spread length decreases with increase in
the ﬁlm thickness. It is also noted that as the ﬁlm thickness increases, the evolution of spread
length tends to converge to the same curve. This indicates that the spread length becomes
insensitive to the ﬁlm thickness as H∗ increases. Certain non-linear behavior was noticed for H∗
between 0.2-0.5. To get a more conclusive discussion on this behavior analysis on a wider range
of Re and We need to be performed. In addition, 3D simulations would provide a more realistic
insight in this trend. This leaves scope for future work.
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3.3.4 Role of gas density
We now discuss the eﬀect of gas density on the behavior of central jet and spread length.
Mukherjee [17] and Shetabivash [16] studied the inﬂuence of gas density on the crown height
for a single droplet impacting on thin ﬁlms. The authors have reported reduction in crown
height with increase in gas density due to increase in drag force [17] and the momentum of gas
vortex [16]. In order to study the eﬀect of gas density, the density of the liquid is kept constant
(a) (b)
Figure 3.15: Gas vortex formation at the tip of central jet for diﬀerent gas densities (a) ρr = 20
and (b) ρr = 100 at T = 1.0 for H* = 0.15, Re = 100, We = 800, ΔX = 1.8D
so as to keep the governing non-dimensional parameters identical. The results are expressed in
terms of density ratio (ρr = ρlρg ), where the gas density (ρg) is varied. We will consider three
density ratios: ρr =20, 40 and 100. Its inﬂuence on the central jet height and the spread length
will be discussed. Figures 3.15(a) and (b) show the gas vortex formed near the tip of central jet
for the density ratios of 20 and 100, respectively. Two counter rotating vortices are observed
near the top of the central jet on either side of it. These gas vortices are formed due to the
drag induced by the upward movement of the central jet. When the density ratio is lower, i.e
the gas density is higher, the momentum of gas vortex increases due to its higher inertia. Hence
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the magnitude of gas velocities is smaller when density ratios are smaller. In comparison to the
(a) (b)
Figure 3.16: Crown shape for diﬀerent gas densities (a) ρr = 20 and (b) ρr = 100 at T = 1.0
for H* = 0.15, Re = 100, We = 800, ΔX = 1.8D
lower gas densities, the gas vortex formed due to the higher gas density near the outer rims,
bends them inside. This can be observed from the crown structure shown in ﬁgures 3.16(a)
and (b). However it should be mentioned that the gas vortices formed are enhanced due to
the two dimensional nature of the present study. A complete three dimensional analysis may
give a better understanding on the eﬀects of these gas vortices on the crown structure. Figure

























































Figure 3.17: Inﬂuence of gas density on the time evolution of (a) central jet height, h and (b)
spread length (SL); We = 800, Re = 100, ΔX = 1.8D.
3.17 shows the evolution of height of the central jet (h) and the spread length (SL), which are
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compared with diﬀerent density ratios. With the increase in density ratios, i.e, decrease in
gas density, the rate of increase of h increases. When the gas density is higher, it provides a
greater drag for the movement of the central jet. Since the penetration of the central jet through
the surrounding gas is resisted for the higher gas density, the evolution of jet height is lower.
Similarly, the radial expansion of crown is decreased due to the resistance of the surrounding
denser gas, which leads to a decrease in the spread length.
3.4 Inﬂuence of wall motion on crown dynamics
We will now investigate the simultaneous impact of two droplets onto a moving wall with a
pre-existing ﬁlm. The non-dimensional wall velocity Uw, deﬁned as the ratio of wall velocity
and initial impact velocity of the droplet is varied from 0 ≤ Uw ≤ 1.5. The simulations were
carried for the density ratio of ρr = 1000, Re = 100, We = 800, H∗ = 0.15 and ΔX = 1.8D.
We investigate the crown structure, central jet height and spread length of downstream droplet
for diﬀerent wall velocity (Uw). Figure 3.18 shows the time evolution of droplet impact on
moving ﬁlms with Uw = 0.5 and Uw = 1.0. Unlike the symmetry in crown structure for the
stationary ﬁlm case (see Figure. 3.6), Fig. 3.18 shows asymmetric crown structure when wall
velocity is non zero. When the droplets impinge onto the liquid ﬁlm, the inertia of the droplets
displaces the underlying liquid in the ﬁlm radially. The liquid ﬁlm at a greater distance from
the impact region does not move at this time. This discontinuity in the movement of liquid
ﬁlm may assist in the formation of the crown structure. The ejecta is formed at the neck of
droplet-ﬁlm interface. This kinematic discontinuity is maintained as the liquid is fed into the
crown structure. The kinematic discontinuity depends on the velocity of the liquid ﬁlm which
is at a greater distance from the impact region. Hence, the wall velocity aﬀects the kinematic
discontinuity and the crown structure. As shown in ﬁgure 3.18, the downstream droplet in
the case with wall velocity Uw = 1.0 undergoes greater shearing compared to the case with
Uw = 0.5. Figure 3.19 shows the time evolution of crown height on the downstream side and
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T = 0.30 T = 0.30
T = 0.50 T = 0.50
T = 0.75 T = 0.75
T = 1.25 T = 1.25
Figure 3.18: Time dependence of droplet impact on moving ﬁlm with wall velocity Uw = 0.5
(left) and Uw = 1.0 (right), respectively; We = 800, Re = 100 , ΔX = 1.8D, ρr = 1000.
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Figure 3.19: Time evolution of crown heights on (a) Downstream side Hb and (b) Upstream
side Ha for H* = 0.15; Re = 100, We = 800, ΔX = 1.8D , ρr = 1000.
upstream side for wall velocity Uw = 0.5, Uw = 1.0 and Uw = 1.5. It is observed that the
rate of evolution of crown height on the downstream side decreases with increasing the wall
velocity. Since the relative velocity between the ﬁlm and the downstream crown decreases with
increasing the wall velocity, the kinematic discontinuity decreases. Hence the ﬂux of liquid
entering the downstream crown reduces for the lower wall velocity accounting for its decrease
in height. However, opposite trend is observed for the time evolution of crown height on the
upstream side. This is due to the increase in relative velocity between the liquid ﬁlm and crown
on the upstream side. The liquid ﬂux entering the upstream crown increases with increase in
wall velocity and the kinematic discontinuity persists. Figure 3.20(a) shows the time evolution
of the upper most tip height of the central jet. In this case of moving ﬁlm, the two rims located
in between the droplets are inﬂuenced by the ﬁlm velocity. The two central rims follow the
characteristics of the downstream and upstream crown, depending upon its relative velocity
with the moving ﬁlm. Initially the height of the uppermost tip of the central jet increases with
increase in wall velocity. This can be attributed to the behavior of upstream crown height as
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Figure 3.20: Inﬂuence of wall velocity (UW ) on the time evolution of (a) central jet height, h
and (b) spread length of downstream droplet (SL); H* = 0.15; Re = 100, We = 800, ΔX = 1.8D
, ρr = 1000.
the two rims do not collide and coalesce initially. The two rims collide and coalesce around
time T = 0.7 while forming the combined central jet. It is observed that after the two rims
coalesce, with increase in wall velocity the central jet height decreases. The spread length of
the downstream droplet (SL) is shown in Fig. 3.20(b) for diﬀerent wall velocities (Uw). As the
wall velocity increases, there is an increase in shearing of the droplets from the liquid ﬁlm which
results in greater spread length and inclination of the central jet. Figure 3.21 shows the velocity
ﬁeld for the cases with wall velocity Uw = 0.5 and Uw = 1.0 at time T = 0.5. The velocity
magnitude is non-dimensionalized by initial velocity magnitude of impinging droplet. For both
the cases, three distinct vortices are observed near the tip of the downstream and upstream
crown and the central jet. At the central jet, a pair of counter rotating vortices are observed,
in which one of the vortex is located near the tip of the central jet and other vortex is placed in
between the central jet and upstream droplet. Entrapped air bubbles can be observed near the
base at the intersection of the droplet and liquid ﬁlm.
61
CHAPTER 3. INTERACTIONS BETWEEN TWO WALL IMPINGING DROPLETS: WET WALLS
Uw = 0.5 Uw = 1.0
Figure 3.21: Velocity ﬁelds at T = 0.5 for wall velocity (a) Uw = 0.5 and (b) Uw = 1.0 , H* =
0.15, Re = 100, We = 800, ΔX = 1.8D, ρr = 1000.
3.5 Summary
In this chapter, a high density ratio based multiphase lattice Boltzmann model has been em-
ployed to investigate the simultaneous impact of two droplets on a liquid ﬁlm. The implemen-
tation of the numerical method is veriﬁed through benchmark problems followed by the impact
of single droplet on a liquid ﬁlm. Formation of the characteristic central jet formed during a
simultaneous droplet impact was observed. The crown structure and the central uprising jet
were found to be inﬂuenced by the separation gap between the droplets, ﬁlm thickness, liquid
viscosity, gas density and wall motion. It is observed that as the separation gap between the
impinging droplets increases, the rate of evolution of central jet decreases while spread length
increases. The delay in the collision and coalescence of the central rims leads to this decrease
in jet evolution rate. Two zones of ﬁlm thickness were observed in which the growth rate of the
central jet showed contrasting trends. The deviation between these zones is due to the presence
of a normal velocity component for thicker ﬁlms. Increase in viscous resistance by the droplet
liquid inhibits the growth rate of the central jet. Similarly, it is found that the drag induced by
the denser ambient ﬂuid resists the growth rate of the central jet. Finally, it is observed that
asymmetry in crown structure is induced due to wall motion. Increase in wall velocity reduces
the downstream crown height, while the upstream crown height increases. However the central
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jet height decreases with increase in wall velocity after the two in between central rims collide
and coalesce. While the two dimensional results presented in this chapter gives a qualitative
outlook on the droplet interactions on liquid ﬁlms, it must be emphasized that 3D computations
would be necessary to predict realistic dynamics.
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Interactions between two successively wall
impinging droplets: Dry walls1
After investigating the interaction dynamics between drops impinging onto wet walls, we next
explore the role of dry walls on droplet behavior. While the ﬁlm thickness was considered as the
principle wall parameter governing the dynamics of droplet interaction in the previous chapter,
the characteristics of dry walls is determined by its surface wettability. In the current and the
subsequent chapters we will explore the inﬂuence of dry walls on drops interacting under various
impact conditions.
Despite the numerical works on multiple droplet impingement performed by previous re-
searchers, several aspects of interaction dynamics between impacting droplets are still not well
understood. The chemical inhomogeneities of the surface, accounting for contact angle hys-
teresis, are important factors which inﬂuence the interactions between the impacting drops.
The wettability of the substrate is generally characterised by the equilibrium contact angle θeq.
However, such constant values of contact angles are exhibited by surfaces which are ideally ﬂat
and clean. In practice, surface wettability is characterized by advancing (θA) and receding (θR)
contact angles [51] due to the inhomogeneities in surface roughness and chemical composi-
1Parts of this chapter have been published as ”K. A. Raman, R. K. Jaiman, T. S. Lee and H. T. Low, Lattice




tion. The contact angle (θ) exhibited on such surfaces varies between θR and θA. The focus
of the present work is to understand the interaction dynamics between wall impinging droplets
on solid surfaces. In particular, we investigate the impact behavior and temporal character-
istics of successively impacting drops. The present 3D numerical simulations will provide a
detailed information on the ﬂow-ﬁeld inside the impacting and interacting droplets and reveal
events leading to diﬀerent time-dependent characteristics. The understanding on the dynamical
behaviors due to the interactions among the impacting droplets is necessary to improve the per-
formance of relevant applications which motivates the current work. Improved understanding of
the dynamical interactions of multiple droplets (depositing molten materials) can improve the
quality of additive manufacturing and ink-jet printing [5]. Parametric investigations improves
understanding and provides guidelines to assist the optimization of the droplet-based processes.
We attempt to understand the interactions between the impacting droplets by analyzing the
time-resolved images illustrating droplet morphologies and time evolution of spread length and
displacement of contact edges.
The remainder of the chapter is organized as follows: Numerical validation for single droplet
impact is provided in Section 4.1. Section 4.2 outlines the details of the computational set
up followed by the presentations and discussion the interactions dynamics of successively wall
impinging droplets in Section 4.3. Finally, we will provide a summary of results in Section 4.4.
4.1 Numerical validation
We validate our computations by comparing the maximum spread factor (D∗), deﬁned as the
ratio of the maximum spread diameter with initial droplet diameter, with prediction equations
available in literature.
A spherical droplet of diameter (Do) = 50 lattice units was initialized with the interface
thickness (ζ) = 5 lattice units. The computational domain was set to be 180×180×80. Figure
4.1 shows the comparison of the maximum spread factor (D∗) for versus OhRe2, where Oh is
65
CHAPTER 4. INTERACTIONS BETWEEN TWO SUCCESSIVELY WALL IMPINGING DROPLETS: DRY WALLS





















Figure 4.1: Comparison of maximum spread factor evaluated from the simulations with predic-
tion equations for a single droplet impacting on a neutral wetting surface.
the Ohnesorge number, with the prediction equations [135, 136, 137]. The prediction equations
are given by:
Experimental correlation [135]














The results show good comparison between our LB computations and those obtained from pre-
diction equations available from the previous studies. Finally we compare our simulation results
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with the experimental results of Dong et. al. [138]. We consider the Reynolds number and
Weber number of Re = 241 and We = 12.8, respectively. A ﬁxed density ratio of 842 and vis-
cosity ratio of 51 was maintained [138]. Figure 4.2 shows the time evolution of the dimensionless













D∗ (Dong et al. [138])
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H∗ (Dong et al. [138])
H∗ (present)
(a) θ = 31◦













D∗ (Dong et al. [138])
D∗ (present)
H∗ (Dong et al. [138])
H∗ (present)
(b) θ = 107◦
Figure 4.2: Experimental validation of time evolution of spread factor D∗ and droplet height H∗
for We = 12.8: (a) θ = 31◦ (b) θ = 107◦.
diameter or spreading factor D∗ and the dimensionless height H∗ for the equilibrium contact
angles θ = 31◦ and 107◦. The LBM simulations are in good agreement with the experimental
results particularly in the initial stages of the impact. We observe a noticeable diﬀerence in the
values of D∗ between the experimental and the simulation results. In experiments, pinning on
the contact line occurs due to contact angle hysteresis which leads to somewhat slow retraction
of the droplet. In addition, we have not included any of the dynamic contact angle models which
account for the contact line motion based on its velocity and properties of the liquid.
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4.2 Problem speciﬁcation
Two liquid droplets, each of the same diameter Do, density ρl and dynamic viscosity µl are
allowed to impinge successively on a solid substrate. Figure 4.3 shows a schematic for the
impingement of the droplet on a ﬂat surface. The impact velocity of the leading droplet (Droplet
1) and trailing droplet (Droplet 2) are set to be Ul and Ut, respectively. All length scales are









Figure 4.3: Schematic illustration of successive droplet impact onto solid substrate and the
governing parameters.
liquid-gas density ratio (ρr) and the viscosity ratio (µr) were set to be 842 and 78, respectively
for subsequent calculations. However, the eﬀect of viscosity ratio on the impact dynamics is
considered later in the subsection where inﬂuence of drop viscosity is investigated. The impact
velocity of the leading droplet (Ul) is kept constant and Dc, deﬁned as the center-to-center
distance between the droplets along the direction of impact, is set to be 1.3 for all the cases
considered in the present study. The oﬀset ratio between the droplets is quantiﬁed by the
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parameter βc which is the non-dimensional distance between the drops along the x-axis. Periodic
boundary conditions are imposed on the sides of the domain, while equilibrium bounce back
boundary conditions [119] are used on the top and bottom boundaries to impose the no-slip
boundary conditions. We perform grid independence test by comparing the maximum spread
factor (D∗max) for droplets impacting with the same initial impact velocities at Re = 200, We =
16.384 and βc = 0.0. Table 7.1 shows D∗max for three diﬀerent grid resolutions. Only a slight
Do (in lattice units) 50 64 80
D∗max 1.994 2.063 2.102
Relative error 5.13 % 1.85 % −−−
Table 4.1: Numerical convergence for various droplet radii with Re = 200, We = 16.384, Ur =
1.0 and θ = 90◦.
variation in D∗max is observed for various Do. Based on the grid independence test, the droplet
diameter is set to be 64 lattice units for the simulations preformed in this study hereafter. The
computational domain size for the cases where βc = 0.0 is set to be 181×181×161 lattice units,
whereas in the cases with non-zero oﬀset ratio, a computational domain of 231×181×161 lattice
units is considered.
4.3 Results and discussion
After we validate the numerical model, we proceed to investigate the impact dynamics of suc-
cessively impinging droplets on a solid surface. The impact dynamics is discussed through the
time resolved images, the velocity ﬁeld plots and the temporal evolution of contact diameter.
To illustrate the eﬀect of droplet interactions on the spreading behavior, Fig. 4.4 compares the
spread factors of the single drop and the successive drops impacting on a neutral wetting surface
(θ = 90◦). Both the droplets impinge with the same impact velocities. In the case of the single
drop impact, upon reaching the maximum spread, D∗ decreases as the droplet undergoes recoil-
ing stage. However, a sudden jump in the spreading behavior is observed for successive droplet
impingement due to the droplet interactions. Notably the recoiling rates of the droplet is higher
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Figure 4.4: Comparison of spread factors between single drop and successive drop impacts for
We = 16.384, Re = 200 and θ = 90◦: Ur = 1.0
in the case of single drop impact compared to successive drop impact. Hence, interactions among
impinging droplets would lead to diﬀerent dynamical states compared to the hydrodynamics of a
single wall impinging droplet. Before we proceed to our detailed study of successively impinging
droplet, we assess the eﬀects of three dimensionality to justify our 3D computations.
To contrast the droplet interaction dynamics between 2D and 3D computations, Fig. 4.5 il-
lustrates the temporal evolution ofD∗ for the two situations with θ = 90◦. The 2D computations
were performed on a computational domain of 400× 160. We notice that temporal evolution of
D∗ is profoundly ampliﬁed in 2D computations compared to its 3D counterpart. Owing to the
planar geometry of the drops (circles instead of spheres in 3D case) in 2D computations, the
impacting 2D drops undergo greater deformations. The evolution of D∗ for the 3D case indicates
that the leading droplet begins to slow down as it attains closer to its maximum spread when the
trailing droplet interacts with it. This is observed from the sudden jump in D∗ near T ∗ = 2.0.
However, the monotonic increase in D∗ till the droplet system attains its maximum spread near
T ∗ = 6.0 indicates that the leading droplet is still in its initial phase of the inertial spreading
when the trailing droplet impact onto it. As such, it is essential to perceive the signiﬁcance of
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Figure 4.5: Comparison of spread factors between 2-D and 3-D computations for successive drop
impact for We = 16.384, Re = 200 and θ = 90◦: Ur = 1.0
3D eﬀects in understanding the droplet interaction dynamics. Inﬂuence of diﬀerent parameters
on the interactions between the impacting droplets are discussed in the following subsections.
4.3.1 Role of trailing drop velocity
In order to understand the inﬂuence of the impact velocities of the constituting droplets on
impingement dynamics, we perform numerical experiments by varying the impact velocity of
the trailing droplet. Figure 4.6 illustrates the sequence of frames of the impact process for Ur
= 0.25. The parameter velocity ratio (Ur) is deﬁned as the ratio of the impact velocities of
the trailing droplet (Ut) to the leading droplet (Ul). As soon as the leading droplet impacts
the substrate, it transforms to a circular disk (T ∗ = 0.625) with radially outward ﬂowing liquid
accumulating inside the peripheral rims. The initial kinetic energy of the spreading droplet is
converted into surface energy and a part of it dissipates due to viscous forces. After reaching
its maximum spread diameter, the droplet sets into its recoiling phase under the inﬂuence of
the surface tension forces. The liquid inside the leading droplet ﬂows radially inwards towards
the central line of symmetry, resulting in bulk upward movement of the leading droplet (T ∗ =
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T∗ = 0.625 T∗ = 2.875 T∗ = 4.625
T∗ = 5.375 T∗ = 6.375 T∗ = 8.125
Figure 4.6: Time sequence of impacting droplet (We = 16.384, Re = 200 and θ = 90◦) on a
surface with Ur = 0.25.
2.875). During this recoiling phase of the leading droplet, the incoming trailing droplet collides
with the leading droplet (T ∗ = 4.625). This mode of interaction between the droplets is termed
as out-of-phase [29]. This is illustrated from Fig. 4.7 (a) which shows the velocity ﬁeld inside the
droplets during this mode of interaction. The sense of motion of the velocity vectors inside the
leading droplet, which is in its recoiling mode, is opposite compared to the velocity ﬁeld inside
the trailing droplet. As the droplets collide, the incoming trailing droplet resists the recoiling
motion of the leading droplet. Both the droplets coalesce to form a column like structure (T ∗
= 5.375). The resistance to recoiling by the trailing droplet is illustrated by the velocity ﬁeld
inside the droplet system as shown in Fig. 4.7 (b). The velocity magnitude of the ﬂuid near the
lower region of the droplet system which comprises of the liquid from the leading droplet is very
low. In contrast to its lower region, the upper region of the droplet system consists of a high
momentum downward moving ﬂuid. Upon coalescence, the high momentum ﬂuid inside the
trailing droplet pumps downwards leading to secondary spreading of the droplet system as seen
from the interface proﬁles at T ∗ = 6.375 and T ∗ = 8.125. Since the out-of-phase coalescence
72







Figure 4.7: Representative velocity vectors inside the droplet ﬂuid at two diﬀerent instants
(We = 16.384, Re = 200 and θ = 90◦) on a surface with Ur = 0.25.
occurs when the leading drop is recoiling, we investigate the inﬂuence of the rate of recoiling.
This recoiling rate is governed by the receding contact angle (θR). Figure 4.8 illustrates the time
sequence of the impact process at Ur = 0.25 for θR = 60◦ (top row) and θR = 110◦ (bottom
row) at diﬀerent time instants. The advancing contact angle is ﬁxed at θA = 120◦. For θR =
60◦, the contact area of the droplet footprint is greater as compared to the case with θR = 110◦
which is observed at T ∗ = 2.5. The increase in contact area is attributed to the strong capillary
spreading prior to the recoiling phase on substrates with lower θR. Hence, owing to volume
conservation, the interaction between the two drops occurs earlier for the case with θR = 110◦
which is noticeable from the droplet shapes at T ∗ = 3.75. While the trailing and the leading
droplet are in their initial stages of interaction for θR = 60◦, complete coalescence between the
drops leading to a column like structure is observed for θR = 110◦. Similar column like droplet
shape is observed at T ∗ = 4.75 for θR = 60◦. However, a distinct diﬀerence between these two
shapes is that for θR = 110◦ the column base is slender and its top is outspread, while a broader
base is observed for θR = 60◦. Temporal evolution of spread factor for diﬀerent θR is illustrated in
Fig. 4.9. During the primary spreading stage, the interface in contact with the substrate moves
radially outwards with advancing contact angle. The interface subtends the receding contact
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T∗ = 2.5 T∗ = 3.75 T∗ = 4.75 T∗ = 6.0
T∗ = 2.5 T∗ = 3.75 T∗ = 4.75 T∗ = 6.0
Figure 4.8: Temporal history plot of impacting droplet for θR = 60◦ (top row) and θR = 110◦
(bottom row) for We = 16.4, Re = 200 and θA = 120◦ on a surface with Ur = 0.25.
angle during the recoiling phase of the impact process. Hence, D∗ decreases with increase in θR
after primary spreading. Unlike the cases with θR = 60◦ and 90◦ where a distinct zone of nearly
constant D∗ is noticed before the droplet system undergoes secondary spreading, we observe a
sharp change from recoiling to secondary spreading for θR = 110◦. This can be explained from
the fact that the kinetic energy possessed by the recoiling leading droplet is greater at higher
θR. The two droplets collide and coalesce leading to a overspread upper region of the droplet
system while the contact area decreases. The combined inﬂuence of the dominant inertial forces
present in the upper region of the droplet system, along with the capillary eﬀects which drive
the droplet system to attain a energy favorable conﬁguration, leads to a secondary spreading
and increase in D∗ at later time steps.
Figure 4.10 depicts the time sequence of the impact process for Ur = 1.5. With increase in
Ur, the trailing droplet catches up with the leading droplet during its spreading phase (T
∗ =
1.0). The velocity ﬁelds inside the droplets shown in Fig. 4.11 (a) indicates the movement of
the droplets along the same direction. It is also noted that the velocity ﬁeld inside the trailing
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Figure 4.9: Temporal evolution of the spread factor for diﬀerent receding contact angles for θA
= 120◦ (Re = 200 and We = 16.4).
droplet has a greater magnitude in comparison to the leading drop due to higher Ur. The two
droplets are said to be interacting in the in-phase collision mode. The trailing droplet impinges
and spreads onto the leading droplet which is in its spreading mode as shown at T ∗ = 1.375.
Figure 4.11 (b) shows the velocity ﬁled inside the droplet system at T ∗ = 1.25. The supply of
droplet liquid to the spreading rims is increased as the liquid from the trailing drop moves radially
downwards. This transfer of additional kinetic energy to the droplet system enhances its primary
spreading (T ∗ = 2.0). The droplet system recoils (T ∗ = 4.625) and attains its equilibrium shape
governed by the surface contact angle. While the interface proﬁles shown in Figs. 4.10 (a) and
4.11 (a) are symmetric about the y− z plane, the velocity ﬁeld close to the interface is observed
to be a bit asymmetric. This may be attributed to the interference of spurious velocity produced
by the two-phase lattice Boltzmann models with the actual hydrodynamic ﬂow ﬁeld. The rate
of spreading of the leading drop is determined by the the advancing θA. We next investigate
the eﬀect of θA for in-phase collision cases where the interaction occurs in the spreading phase
of the leading droplet. Next, we investigate the role of advancing contact angle for in-phase
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T∗ = 0.625 T∗ = 1.0 T∗ = 1.375
T∗ = 2.0 T∗ = 4.625 T∗ = 8.25
Figure 4.10: Temporal evolution of impacting droplet (We = 16.384, Re = 200 and θ = 90◦) on
a surface with Ur = 1.5.
collision situations. We consider the cases with Ur = 1.5 which belongs to the in-phase mode for
the parameters considered in this study. Primary spreading of the droplet system in this mode
is intensiﬁed due to the contribution from the radially and vertically downward moving droplet
liquid from the trailing droplet. As the liquid is pushed into the peripheral rim, small radius
of curvature at the interface near the three phase contact line is observed. The magnitude of
the curvature formed during this spreading phase is dependent on the advancing contact angle.
Figure 4.12 illustrates the interface proﬁles and the velocity ﬁeld near the outer periphery for
θA = 70◦ and 120◦ at T ∗ = 2.25. For θA = 70◦, we notice that the interface continues to spread
radially outwards due to capillary spreading. The velocity ﬁeld near the rims are consistent
with this observation. This outward spreading decreases the mean interface curvature near the
contact line. However, a larger mean interface curvature subtended by the spreading droplet is
observed for θA = 120◦. Increase in local radius of curvature leads to increase in liquid pressure
due to greater accumulation of the liquid inside the peripheral rims. This leads to increase
in surface tension forces leading to strong reverse ﬂow towards the center. Figure 4.13 (b)
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Figure 4.11: Velocity ﬁeld inside the droplet at diﬀerent instants (We = 16.384, Re = 200 and
θ = 90◦) on a surface with Ur = 1.5.
illustrates this observation as shown from the droplet shape at T ∗ = 5.0 for θA = 120◦. At the
same instance the droplet attains a lens-like shape for θA = 70◦. Along with the reduced surface
tension forces during recoiling for lower θA, the large contact area on the substrate results in
increased viscous dissipation. Figure 4.14 shows the temporal evolution on D∗ for diﬀerent
θA which is consistent with the above discussion.It is noted that the maximum spread factor
decreases with increase in θA.
Temporal evolution of spread factors (D∗) for diﬀerent velocity ratios is illustrated in Fig. 4.15.
During the initial stages of the impact process, the temporal evolution of D∗ is independent of
Ur. The deviations in the evolution of D
∗ arise due to the interactions among the droplets. The
upsurge in primary spreading for cases with Ur = 1.5 and 1.0 is attributed to the transfer of
vertical momentum to the spreading leading droplet as discussed above. For these two cases,
after an initial rise in D∗, its value decreases as the droplet system recoils and attains a constant
value. For Ur = 0.5 we observe that after primary spreading, D
∗ does not vary much after the
droplets interact. It remains fairly constant during the interaction between droplets and under-
goes small secondary spreading towards later time steps, while for Ur = 0.25 a sharp rise in D
∗
in the later stages of the impact process is observed leading to secondary spreading as previously
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Figure 4.12: Velocity ﬁeld inside the droplet (We = 16.4, Re = 200 and θR = 60◦) on a surface
with Ur = 1.5 at T
∗ = 2.25.
θA = 70◦ θA = 120◦
Figure 4.13: Interface proﬁles the impacting droplet system (We = 16.4, Re = 200 and θR = 60◦)
with Ur = 1.5 at T
∗ = 5.0.
discussed. The diﬀerence in duration of the region of constant D∗ before secondary spreading
for the two cases depends on the competing eﬀects based on the kinetic energy present in the
recoiling leading droplet and the trailing droplet at the time of their interaction. It should be
noted that the modes of coalescence depend on the phase of the leading droplet (spreading or
recoiling) when it interacts with the trailing droplet. Hence, similar modes can also be observed
by varying the droplet spacing, which are not investigated in the current study.
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Figure 4.14: Temporal evolution of the spread factor for diﬀerent advancing contact angles for
θR = 60◦ (Re = 200 and We = 16.4).
4.3.2 Role of drop viscosity and surface tension
We next consider the inﬂuence of droplet viscosity and surface tension during successive drop
impact. Figure 4.16 (a) displays the eﬀect of Ohnesorge number (Oh) on the non-dimensional
spread factor (D∗). The Weber number was ﬁxed at 16.4 for all the three cases considered. The
Ohnesorge number was varied by changing drop viscosity as surface tension and impact velocities
of both the droplets are kept constant. It is apparent that the initial evolution of D∗ is nearly
identical for all the three cases considered. This is attributed to the inertia dominated initial
phase of impact which depends on the initial velocity. As the kinetic energy of the spreading
droplet ensemble decreases, the eﬀects of viscosity and surface tension come into play. The
maximum D∗ obtained increases as Oh number decreases. As time proceeds, we observe that
the recoiling rate, which indicates the rate at which D∗ decreases, is higher for lower values of
Oh number. This behavior is attributed to the increased resistance to motion of the recoiling
droplet liquid by the viscous forces as Oh is increased. The eﬀects of Weber number (We) on
the evolution of D∗ for three diﬀerent cases is illustrated in Fig. 4.16 (b) which are characterized
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Figure 4.15: Dependence of the spread factor evolution on diﬀerent velocity ratios (Re = 200
and We = 16.4).
by the same Reynolds number (Re = 200). With increase in We, the restoring inﬂuence of
surface tension forces on the spreading droplet system minimized, resulting in higher values of
maximum spread factor. The time taken by the droplet system to reach its maximum spread
increases with increase in We. Similarly, for lower We the droplet recoils faster to attain its
equilibrium shape.
4.3.3 Role of oﬀset ratio and internal mixing
We investigate the eﬀect of lateral oﬀset between the droplets during the impingement on a solid
surface. The oﬀset ratio is deﬁned by the parameter β as shown in Fig. 4.3. To visualize the
internal ﬂow evolution during droplet impact and coalescence, diﬀerent colored passive tracer
particles are seeded inside the two droplets. The evolution of these particles is followed using a
trilinear interpolation of the velocity ﬁeld from the surrounding lattice nodes and their locations
are updated after every time step using the fourth-order Runge-Kutta method. Particles going
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Figure 4.16: Spread factor time history for diﬀerent (a) Oh and (b) We numbers for θR = 90◦
(Re = 200 and We = 16.4).
out of the droplet due to numerical errors are omitted for the visualization purpose. Figure
4.17 shows the time-dependent states of the impact process for βc = 0.25. As shown in the
ﬁgure at T ∗ = 1.75, the trailing droplet completely lands on the leading droplet. Unlike the
previous cases where βc was set to be zero, asymmetry in the evolution of droplet morphology
is observed. Owing to the oﬀset ratio, the trailing droplet impacts more on the left side of the
leading droplet which leads to earlier coalescence with this part of the leading droplet as observed
at T ∗ = 2.25. This asymmetry in the impact behavior by the trailing drop leads to enhancement
in spreading of the left contact edge while the right contact edge undergoes recoiling. As time
proceeds, the trailing drop merges completely with the leading drop and its inertia drives the
right contact edge to undergo secondary spreading. After reaching its maximum spread, the
surface tension forces dominate the evolution process and the droplet system recoils to reach
its equilibrium shape. Visualization of the particle tracers inside the droplets reveal that no
intermixing has occurred inside the droplet system. Even though the impact of the trailing drop
leads to considerable stretching of the interface between the two colored particles, lack of folding
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T∗ = 0.875 T∗ = 1.75 T∗ = 2.25
T∗ = 3.125 T∗ = 4.25 T∗ = 5.75
Figure 4.17: Instantaneous visualization of internal droplet mixing using particle tracing tech-
nique (We = 16.4, Re = 200 and θ = 90◦) on a surface with Ur = 1.0 at βc = 0.25.
of the interface prevents mixing. As the droplet system attains its equilibrium shape, we observe
that the trailing drop resides on top of the leading droplet occupying the left half of the droplet
system. With increase in droplet separation, the trailing droplet lands partially on the leading
droplet and partially on the substrate as observed in Fig. 4.18 at around T ∗ = 1.75. The leading
drop is in its recoiling phase when the trailing droplet collides with its peripheral rim (T ∗ =
2.25). As the trailing droplet reaches its maximum spread, the combined eﬀects of the inertia
imparted to the leading droplet due to collision and the retraction of the right contact edge,
enhances the recoiling behavior of the leading droplet. This can be noticed from the droplet
shape at T ∗ = 3.125 where the spreading left half of the droplet system takes a toroidal shape
unlike the recoiling right half. The contact area decreases as the height of the droplet system
increases and attains its equilibrium conﬁguration. Unlike the case with βc = 0.25, the particles
of the tailing droplet reside completely on the substrate. To elucidate the kinetics of droplet
impact and coalescence behavior, we investigate the temporal evolution for the displacement of
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T∗ = 0.875 T∗ = 1.75 T∗ = 2.25
T∗ = 3.125 T∗ = 4.25 T∗ = 5.75
Figure 4.18: Internal ﬂow visualization using particle tracing technique (We = 16.4, Re = 200
and θ = 90◦) on a surface with Ur = 1.0 at βc = 1.0.





di = Xlocal −Xextreme (4.5)
where i can be l or r corresponding to left or right contact edge. Here di is the deviation in the
displacement of the local contact edge location (Xlocal) from their respective minimum/maximum
contact edges positions (Xextreme). Figures 4.19 (a) and (b) depict the temporal evolution of
Xl and Xr respectively, for diﬀerent oﬀset ratios. Downward slope in Xl indicates spreading
whereas upward slope corresponds to retraction. For βc = 0.75 and 1.0 we notice a sharp
drop in the value of Xl at around T
∗ = 2.0. This indicates that the trailing droplet impacts
partially on the substrate and partially on the leading droplet unlike the cases with βc = 0.50
and 0.25 where the decrease in Xl is rather smooth. For the oﬀset ratios where the trailing
drop completely lands on the leading droplet, increase in βc leads to greater movement of the
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Figure 4.19: Temporal histories of (a) left and (b) right contact edge displacement for diﬀerent
oﬀset ratios for θR = 90◦ (Re = 200 and We = 16.4).
left contact edge owing to the inertia driven impact of the trailing drop. For partial impact
cases, the trailing drop covers a higher contact area as βc increases thereby spreading more
readily at higher βc. Similarly, retraction rates of Xl increases with increase in βc. Evolution
of Xr indicates that during the primary spreading of the right contact edge the inﬂuence of
trailing droplet is negligible. However during the retraction phase, the inﬂuence of the inertia of
the trailing drop on the right contact edge is noticeable leading to secondary spreading. As βc
decreases, there is higher impact inertia imparted to the right end of the droplet system. This
results in low retraction rates at higher βc. Following the evolution of Xl and Xr, Fig. 4.20
shows the temporal evolution of D∗ which highlights increase in D∗ as βC increases. Figure
4.21 illustrates the temporal evolution of the impact process at βC = 1.0 onto surfaces with
θ = 70◦ (left side) and θ = 120◦ (right side). As discussed above, for βC = 1.0 the leading
drop undergoes recoiling as the trailing drop merges with it. For θ = 70◦, we observe that the
recoiling of the leading drop is hindered owing to the capillary spreading. Intense recoiling of
the leading droplet for θ = 120◦ results in increase in its height. The connecting neck formed
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Figure 4.20: Dependence of spread factor evolution on the oﬀset ratios β for a ﬁxed θR = 90◦
at Re = 200 and We = 16.4.
due to the coalescence of the two droplets has a wider neck width in contrast to the narrow neck
for θ = 120◦ as observed at T ∗ = 2.875. Noticeable inﬂuence of the surface wettability can be
observed in the shapes of the contact areas. In contrast to θ = 70◦, the shape of the footprint is
slender and elongated for θ = 120◦. The two drops eventually coalesce and the merged droplet
attains its equilibrium shapes based on the surface contact angle. Figure 4.22 shows the
temporal evolution of (a) Xl and (b) Xr for diﬀerent contact angles. During the initial inertia
dominated phase of the impact process, the evolution of Xl and Xr remains fairly independent
of θ. As time proceeds, we observe that the evolution in contact edge displacements increases
with increase in θ. This behavior during the evolutions of Xr and Xr indicates higher recoiling
rates of the contact edges as the droplet system has higher surface energy which is converted
into kinetic energy during the recoiling state. In addition, lower surface contact angles leads to
enhanced capillary spreading and viscous dissipation due to greater contact area. This results in
lower retraction rates. Accordingly, the temporal evolution of the spread factor (D∗) increases
with decrease in θ as displayed in Fig. 4.23.
85
CHAPTER 4. INTERACTIONS BETWEEN TWO SUCCESSIVELY WALL IMPINGING DROPLETS: DRY WALLS
T∗ = 2.875 T∗ = 2.875
T∗ = 4.5 T∗ = 4.5
T∗ = 6.25 T∗ = 6.25
Figure 4.21: Evolving liquid morphologies during droplet impact and coalescence for θ = 70◦
(left side) and θ = 120◦ (right side) at βc = 1.0: Re = 200 and We = 16.4.
86
4.3. RESULTS AND DISCUSSION





















Figure 4.22: Temporal histories of (a) left and (b) right contact edge displacement for various
contact angles for βc = 1.0 (Re = 200 and We = 16.4).













Figure 4.23: Spread factor evolution for diﬀerent contact angles for a ﬁxed value of oﬀset βc =
1.0 (Re = 200 and We = 16.4).
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4.4 Summary
In this chapter, three dimensional numerical simulations were performed to investigate the im-
pact dynamics of successively impacting droplets on a solid surface. The 3D computational
framework has been successfully validated with the existing experimental data for the micron-
scale drop impact on solid surfaces with two representative equilibrium contact angles. From
the comparison of 3D numerical results with the 2D counterpart, we found that the temporal
evolution of D∗ is profoundly ampliﬁed in the 2D computations as compared to its 3D counter-
part. This has motivated to consider 3-D computations for the impact dynamics of successively
impact droplets on a solid surface with the four set of parameters: (i) trailing drop velocity
(ii) substrate wettability (iii) droplet viscosity and tension and (iv) oﬀset ratio. Depending on
the phase of the leading droplet, spreading or recoiling, two diﬀerent droplet interaction modes
were observed for varying trailing drop velocity. The in-phase collision mode is characterized by
higher inertial spreading of the droplet system, while the formation of column like droplet struc-
ture and subsequent secondary spreading are noticed for the out-of-phase collision scenarios.
Surface inhomogeneities characterized by contact angle hysteresis were found to regulate the
interaction dynamics between the impacting droplets. The observations suggest that increase
in advancing contact angle results to greater recoiling of the droplet system for in-phase inter-
actions. Increase in receding contact angle was found to promote the interaction time between
the droplets during out-of-phase collision situations. Particle based visualization reveals the
lack of intermixing between the two droplets for the conditions explored in the current study.
It would be useful to consider techniques to enhance the intermixing in droplet-based chemical
applications and additive manufacturing. In applications pertaining to printing, however, the
requirement of precise resolution control of printing is essential during drop-on-drop deposition.
Finally, our simulations show that increase in oﬀset ratio between the droplets leads to asym-
metry in the evolution of the free surface of the droplet system. The kinetics of the left and
right contact edges of the droplet system is found to be dependent on the oﬀset ratio.
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Chapter 5
Interactions between two simultaneously wall
impinging droplets: Dry walls1
Continuing from the previous chapter, we next investigate the interaction dynamics where two
droplets impact synchronously on a dry substrate and undergo complex time-dependent be-
havior due to spreading and coalescing processes. In this conﬁguration, the impacting droplet
system leads to the formation of an connecting neck. The evolution dynamics of the connecting
neck formed when drops impinge simultaneously onto dry surfaces is speciﬁcally focused in the
present chapter. These transient interaction phenomena and droplet morphologies depend on
surface wettability, relative impact velocity of droplets, the angle of impact and the underlying
liquid properties such as viscosity and surface tension. Improved understanding of the dynamical
interactions of multiple droplets (depositing molten materials) can improve the quality of addi-
tive manufacturing and ink-jet printing [5]. Parametric investigations improves understanding
and provides guidelines to assist the optimization of the droplet-based processes. We attempt
to understand the interactions between the impacting droplets by analyzing the time-resolved
images illustrating droplet morphologies and time evolution of spread length and displacement
of contact edges.
1Parts of this chapter have been published as ”K. A. Raman, R. K. Jaiman, T. S. Lee and H. T.
Low, Dynamics of simultaneously impinging drops on a dry surface: Role of impact velocity and air inertia,
Journal of Colloid and Interface Science, 486: 265-276, 2017.”
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The remainder of the chapter is organized as follows: Section 5.1 outlines the details of the
computational set up followed by the presentations and discussion the interactions dynamics of
successively wall impinging droplets in Section 5.2. Finally, we provide concluding remarks in
Section 5.3.
5.1 Problem deﬁnition and computational setup
Consider two droplets of the same liquid with density ρl and the dynamic viscosity µl impacting








Figure 5.1: Schematic illustration of simultaneous droplet impact on solid substrate.
(Di) and the center-to-center distance between the droplets is set to beΔX = 1.6Di. The impact
speeds of droplet 1 and droplet 2 is U1 and U2, respectively. For oblique impact cases, droplet
1 impacts at an angle α while droplet 2 impinges normally onto the substrate. The liquid-gas
density ratio is set to be 841 for all the cases considered in this study. The computational
domain is a cuboid with size Lx × Ly × Lz where Lx = 281 and Ly = 181 are the lateral
dimensions of the domain in the horizontal directions, while Lz = 91 is the dimension in vertical
direction. For oblique impact cases Lx is set to be 301. The drop diameter is set to be 64 lattice
units. No-slip and open boundary conditions are imposed on the top and bottom boundaries,
respectively. The side boundaries area considered to be periodic. The droplet diameter (Di)
and the impact velocity of droplet 2 (U2)is set to be the characteristic length and velocity,
respectively. Accordingly, the non dimensional time is given as T ∗ = tU2
Di
, where t is the simulation
time in lattice units. To analyze the droplet dynamics, temporal evolution of spread factor (D∗),
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(b)Top view of the droplet footprint
showing neck width and spread factor.
Figure 5.2: Schematic diagram illustrating diﬀerent geometrically observable parameters for the
interaction dynamics of two droplets.
neck width (D∗neck), neck height H
∗
neck and displacement of the contact points (Xl and Xr for
left and right contact edges, respectively) are performed. Figure 5.2 illustrates some of these
geometric parameters. The neck height is calculated along the plane y = Ly/2 and the contour
corresponding to 0.5(ρl+ρg). Similarly, the spread factor and the neck width are evaluated along
the plane corresponding to z = 1. The important dimensionless parameters governing droplet
impact on solid substrate include the Weber number (We = (2ρlU22Di)/σ) which indicates
the ratio of inertial force to surface tension; the Reynolds number (Re = (2ρlU2Di)/µl) which
denotes the ratio of inertial force to viscous force; the Ohnesorge number (Oh = µl/(ρDiσ))
represents the ratio of viscous to inertial and surface tension forces where σ is the liquid-gas
surface tension.
5.2 Results and discussion
We next proceed to discuss the numerical results to elucidate the physics of the interaction
dynamics between two simultaneously impinging droplets. The inﬂuence of various parameters
on the behavior of the droplet system is systematically assessed. The center-to-center distance
between the droplets is set to be ΔX = 1.6 in the following subsections. However, to investigate
the inﬂuence of ΔX, we performed simulations with ΔX = 1.1 and 1.9. Figure 5.3 illustrates
the temporal sequence of droplet interactions with ΔX = 1.1 (top row) and 1.6 (bottom row).
For ΔX = 1.1, the droplets interact and coalesce during the early stages of the inertial spreading
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T∗ = 0.5 T∗ = 2.0 T∗ = 8.5
Figure 5.3: Temporal evolution of impacting droplets with ΔX = 1.1 (top row), ΔX = 1.6
(middle row) and ΔX = 1.9 (bottom row) for contact angle (θ): θ = 90◦.
phase. The combined droplet system spreads and recoils to attain an equilibrium conﬁguration.
When the separation gap is increased to ΔX = 1.9, the two impacting droplets spread and recoil
as two independent events, without any interactions occurring between them. The temporal
evolution of spread factor shown in Fig. 5.4 indicates that D∗ increases with increase in ΔX. It
is noted that as time proceeds, the spread factors for ΔX = 1.6 and 1.9 eventually converges as
the droplet ensemble attains its equilibrium shape. Hereafter we consider ΔX = 1.6 to perform
parametric simulations.
5.2.1 Inﬂuence of surface wettability
The nature of the solid substrate has a signiﬁcant inﬂuence on the coalescence dynamics of the
impacting droplets. To investigate the role of surface wettability, we ﬁx the Reynolds number
(Re) and the Weber number (We) for both the impinging droplets at 200 and 25, respectively.
Figure 5.5 presents the snapshots of the impact process on a surface with contact angle θ =
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Figure 5.4: Inﬂuence of separation gap (ΔX) on the time evolution of spread factor.
T∗ = 0.5 T∗ = 1.25 T∗ = 3.5
T∗ = 5.0 T∗ = 8.0 T∗ = 10.0
Figure 5.5: Temporal evolution of impacting droplets (We = 25, Re = 200) for contact angle
(θ): θ = 70◦.
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70◦. During the initial inertia dominated phase, the impact sequence could be considered as
two independent single droplet impact processes. The shape of the impacting droplets resemble
as a pair of truncated spheres (T ∗ = 0.5). The droplet liquid ﬂows down radially as its height
decreases and the thickness of the spreading rim increases due to mass accumulation. As the
droplets spread further, the in-between rims collide, resulting in imbalance between Laplace
pressure between drop and negatively curved neck. The leads to the formation of the central
ridge. Driven by the surface tension forces, as well as the inertia of the spreading droplets, the
ridge continues to rise and expand sideways. As the droplet ensemble approaches its maximum
spread, most of its kinetic energy is converted into the surface energy due to strong capillary
spreading on the substrate. A large contact area results in greater energy dissipation due to
viscous stresses. The contact angle dictates the mean curvature of the spreading rims. Hence,
when θ = 70◦, the droplet ﬂuid is allowed to spread and wets the substrate considerably when
compared to a surface with higher contact angles. Also, a considerable part of the excess
surface energy released due to the coalescence of the impacting droplets is consumed during this
spreading phase on a hydrophilic surface. During the recoiling phase, we can observe that the two
droplets migrate towards each other due to the inﬂuence of surface tension. Subsequently, the
height and width of the connecting neck increases due to the droplet coalescence. The velocity
ﬂow ﬁeld inside the droplet and in the surrounding ﬂuid during the initial stages of impact
is shown in Fig. 5.6 for θ = 70◦. The velocity ﬁeld plots are taken along the mid x-z plane
corresponding to y = Ly/2. The collision of the in-between rims results in a sharp turn from
the radially moving droplet liquid into axial direction. This is indicated by the velocity vectors
shown in Fig. 5.6 (a) showing the propagation of the central ridge in the upward direction. We
observe ﬂow circulation in the surrounding gas near the ridge as a result of its upward motion.
Near the periphery of the outer rim, a vortex ﬂow is set up in the ambient ﬂuid due to the drag
induced by the spreading lamella on the surrounding ﬂuid ( Fig. 5.6(b) ). As the contacting rims
spread and coalesce, the length of the ridge (neck width) increases while its height decreases.
This results in the movement of the incoming droplet liquid along the direction of the spreading
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T∗ = 1.75 T∗ = 2.0
Figure 5.6: Velocity ﬁelds inside the droplet and in the surrounding gas along the mid x-z plane
for θ = 70◦: We = 25,Re = 200.
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neck. The velocity vectors shown in Fig. 5.6 (c) depicts the downward motion of the ﬂuid in
the upper region of the ridge while there is a supply of high momentum ﬂuid in its lower region.
This interaction between the downward moving low momentum ﬂuid with the incoming high
momentum ﬂuid sets up a circulatory ﬂow motion inside the ridge. The velocity ﬁeld in Fig. 5.6
(d) shows a pair of counter rotating vortices in the central ridge. With increase in droplet
spreading, the kinetic energy of the droplet decreases which leads to the movement central
ridge vortex closer to the central region of the lamella (Fig. 5.6 (e)). As the liquid begins to
accumulate in the outer rims, the kinetic energy of the droplet decreases and the surface tension
eﬀects begin to dominate. We observe reverse ﬂow from the upper portion of the outer rims
while liquid is fed through the bottom region leading to a ﬂow circulation. Similar to Fig. 5.6
(a), a ﬂow circulation near the recoiling outer rim is observed in Fig. 5.6 (f) but with an opposite
sense of rotation.
When the droplets impinge on a hydrophobic surface (θ = 120◦), the initial stages of the
impact sequence are similar to that observed on a hydrophilic surface. However, it is observed
that the rims formed along the droplet periphery during the spreading phase are thicker, as
shown in Fig. 5.7. With increase in surface contact angle, the mean curvature at the droplet
T∗ = 0.5 T∗ = 1.25 T∗ = 3.5
T∗ = 5.0 T∗ = 8.0 T∗ = 10.0
Figure 5.7: Temporal evolution of impacting droplets (We = 25, Re = 200) for contact angle
(θ): θ = 120◦.
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periphery increases which results in greater accumulation of liquid inside the rims. This liquid
mass decelerates spreading and the resulting surface tension force leads to intense recoiling
leading to bulk upward motion. Fluid from both the droplets in pumped into the neck region
during the spreading and recoiling phases. The spreading of the central ridge formed due to
the coalescence of the in-between rims is inhibited owing to the hydrophobicity of the substrate.
The shape of the droplet ensemble resembles like a dumbbell cut across the plane of symmetry
connecting its ends (T ∗ = 3.5). The recoiling droplets migrate towards each other enclosing the
central ridge (T ∗ = 3.5 - 10.0) and coalesce forming a single droplet. The inﬂuence of higher
contact angle on the droplet morphology is noticed from the contact area. The contact lines
along the length of the droplet recede faster due to the driving eﬀects of surface tension leading
to droplet coalescence and the strong upward motion of the liquid inside the connecting droplets.
This results in the formation of an elongated and slender shaped droplet footprint. Figure 5.8
(a) illustrates the velocity ﬂow ﬁeld inside the droplet neck along the x-y plane corresponding to
z = 10. The incoming radial ﬂow from the droplets encounter each other along the central plane
passing through the neck and ﬂows sideways. By this time the droplet has entered its recoiling
phase with the ﬂow along the periphery propagating radially inwards. The interactions between
these two counteracting ﬂows result in the formation of a pair of counter-rotating vortices near
the neck region. The velocity ﬂow ﬁeld around the central plane passing through the neck region
is shown in Fig. 5.8 (b) at T∗ = 3.5. As the neck region recoils, we observe upward motion of the
ﬂuid inside the droplet resulting in increase in neck height. The drag induced by this upward
movement of the droplet neck sets up a circulatory motion in the ambient ﬂuid.
Figures 5.9 (a) and (b) show the temporal evolution of the spread factor and the contact area
for diﬀerent contact angles. The contact area is normalized by πD2i . It is observed that during
the early stages of impact, surface wettability does not inﬂuence much on the evolution of the
spread factor and the contact area. This is attributed to the inertia dominated phase of the
impact process. As the contact angle increases, the rate of increase in spread factor and contact
area decreases. To characterize the connecting ridge, time variations of the non-dimensional neck
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X
YZ
(a) T∗ = 1.5
X Y
Z
(b) T∗ = 3.5
Figure 5.8: Velocity ﬁelds inside the droplet and in the surrounding gas along the (a) x − y
plane corresponding to z = 10 at T∗ = 1.5 and (b) mid y − z plane at T∗ = 3.5: θ = 120◦, We
= 25, Re = 200.
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Figure 5.9: Inﬂuence of surface wettability on the time evolution of (a) spread factor (b) contact
area: Re = 200 and We = 25.




























Figure 5.10: Inﬂuence of surface wettability on the time evolution of (a) spread factor (b) contact
area (c) Neck width (d) Neck height of the droplet: Re = 200 and We = 25.
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width and height are shown in Fig. 5.10 (a) and (b). The maximum neck width obtained due to
initial spreading decreases as the contact angle increases. It is noted that the temporal gradient
in the evolution of neck width during the secondary spreading increases as the contact angle
increases. This is attributed to the intense recoiling and coalescing of the droplet ensemble for
higher contact angles. Similarly, higher contact angles result in strong upward bulk movement
of the recoiling droplets leading to greater neck height.
5.2.2 Inﬂuence of droplet viscosity and surface tension




























Figure 5.11: Inﬂuence of droplet viscosity on the time evolution of (a) Neck width (b) Neck
height of the droplet: θ = 90◦ and We = 25.
Figure 5.11 shows the inﬂuence of drop viscosity on the dimensionless neck width (D∗neck)
and height (H∗neck). Increase in Ohnesorge number corresponds to greater viscous resistance
to droplet mobility, the maximum value of neck width decreases during the initial spreading.
Similarly, after reaching its maximum spread, the rate at which the D∗neck decreases is found to
increase for lower Oh number. The evolution of H ∗neck follows a similar trend. The test case with
a high droplet viscosity (Oh = 0.1) shows considerable deviations from the other cases considered
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in the later stages of impact process. Surface tension forces dominate viscous forces and govern
the evolution process during the later stages for low viscosity cases. The connecting ridge evolves










































Figure 5.12: Inﬂuence of surface tension on the time evolution of (a) Neck width (b) Neck height
of the droplet: θ = 90◦ and Oh = 0.025.
in three stages. The initial inertia dominated spreading phase results in the formation of the
ridge due to the coalescence of the spreading rims. During this initial inertia dominated stage,
the evolution of D∗neck remains less aﬀected by surface tension as depicted in Fig. 5.12 (a).
However, the maximum value of D∗neck in this phase increases with increase in We resulting
due to the restoring inﬂuence of surface tension on the spreading neck. The next stage is the
retraction phase when the droplet ensemble undergoes recoiling resulting in a decrease in the
value of D∗neck. The rate of decrease of D
∗
neck during this phase depends on the surface tension as
shown in the ﬁgure. The ﬁnal stage of neck evolution is the coalescence phase during which the
constituent droplets migrate towards each other and coalesce. This leads to a rapid growth in
D∗neck as observed forWe = 12.6. The coalescence phase is clearly observed forWe = 12.6 and 25
while the droplet ensemble has just entered this phase for We = 51.2 for the considered impact
period. For We = 100 we notice that the droplet system is in its retraction phase. Similarly,
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the neck height increases with decrease in We (Fig. 5.12 (b)) due to the predominant inﬂuence
of surface tension in the retraction and coalescence phases of the neck evolution.To further
investigate if we could collapse these data, the inset plots in the corresponding ﬁgures illustrate
the evolution D∗ and H∗neck with respect to viscous time scale (Tvis = µDo/σ). We observe a
clear collapse of the data for the neck height instead of the neck width. It is essential to know






























Figure 5.13: Maximum spread length as a function of (a) Weber number with Oh = 0.025 and
(b) Ohnesorge number with We = 25 for diﬀerent surface contact angles.
the maximum spread length of the impacting droplet system in most engineering applications
based on droplet deposition. Figure 5.13 (a) depicts the inﬂuence of Weber number on the
maximum spread length for various surface wettabilities. The maximum spread length increases
with increase in Weber number and decreases with increase in surface wettability. Increase in
drop viscosity results in decrease in the maximum spread length as observed in Fig. 5.13 (b) for
various surface wettabilities.
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5.2.3 Inﬂuence of impact velocity ratio (Vr)
In this section we will investigate the inﬂuence of variation in the impact velocities of the two
droplets on the spreading and coalescence dynamics. The velocity ratio (Vr), deﬁned as the ratio
of impact velocities between the slower (droplet 1) and faster (droplet 2) impinging droplets,
will be varied to observe the interaction dynamics. The Reynolds number and Webers number
are deﬁned using the velocity of the faster moving droplet whose value is ﬁxed for all the cases
considered in this section. Shown in Figs. 5.14 and 5.15 are the temporal evolution of the
T∗ = 0.75 T∗ = 1.5 T∗ = 3.0
T∗ = 4.0 T∗ = 6.25 T∗ = 9.25
Figure 5.14: Temporal evolution of impacting droplets for velocity ratio Vr = 0.2: We = 25, Re
= 300 and θ = 90◦.
impact and coalescence of drops with Vr = 0.2 and 0.6, respectively. The diﬀerence in velocity
ratios is noticeable during the early inertial spreading phase of the droplets at T ∗ = 0.75. For
Vr = 0.2, droplet 1 assumes the shape of a truncated sphere as the droplet slowly spreads on the
substrate. Formation of the characteristic rims due to the accumulation of the radially ﬂowing
liquid along the periphery is observed in droplet 1 in the case with VR = 0.6 (T
∗ = 0.75). For
a given initial separation between the impacting droplets, we identify two modes of coalescence
for the parameters considered in the current study. When Vr is small, the two droplets do not
interact during the inertial spreading stage of droplet 2. As droplet 2 enters its recoiling phase,
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T∗ = 0.75 T∗ = 1.5 T∗ = 3.0
T∗ = 4.0 T∗ = 6.25 T∗ = 9.25
Figure 5.15: Temporal evolution of impacting droplets for velocity ratio Vr = 0.6: We = 25, Re
= 300 and θ = 90◦.
the spreading contact edge of droplet 1 catches up with the retracting contact edge of droplet 2
resulting in coalescence. During this catch up time the ﬂuid inside the spreading and retracting
edges of both droplets propagates along the same direction as depicted from the velocity ﬁelds
shown in Fig. 5.16(a). This mode of interaction is termed as in-phase coalescence mode. As
Vr is increased, the contact edges of droplet 1 spreads at a faster rate owing to the increase in
its initial kinetic energy. This results in the interactions between the contact edges of both the
droplets to occur during their spreading phases. Figure 5.16(b) illustrates the ﬂow ﬁeld inside
the spreading rims of the two droplets showing the liquid motion in opposite directions leading
to out-of-phase coalescence mode of interaction. The mode of coalescence aﬀects the dynamics of
neck formation. When the droplets are impacting with in-phase coalescence mode, the expansion
of the neck width is resisted as droplet 2 undergoes recoiling as shown in Fig. 5.14 at T ∗ = 4.0.
As the kinetic energy of the droplet ensemble decreases, surface tension forces take control of
the evolution process. The height of the neck grows, reaching the height of the constituting
droplets (T ∗ = 4.0-9.25). When the droplets are interacting with out-of-phase coalescence mode
as observed in Fig 5.15, the spreading rims of the impacting droplets coalesce (T ∗ = 1.5) which
104
5.2. RESULTS AND DISCUSSION
Y X
Z
(a) In-phase coalescence mode
Y X
Z
(b) Out-phase coalescence mode
Figure 5.16: Velocity ﬁelds inside the droplet showing the modes of coalescence (a) In-phase for
VR = 0.2 at T
∗ = 2.75 and (b) Out-of-phase for VR = 0.6 at T
∗ = 1.0.
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at once results in the formation of a wider neck. This results in a larger growth rate of neck
height as observed from the corresponding snapshots in Fig. 5.14 and 5.15.
The temporal evolutions of the positions of the left and right contact edges of the droplet
ensemble are shown in Fig. 5.17 (a) and (b), respectively. Initially we observe that the position
























Figure 5.17: Time evolution of displacement of (a) left and (b) right contact edges for diﬀerent
velocity ratios: θ = 90◦, Re = 300 and We = 25.
of the left contact edge (Xl) decreases with increase in Vr. As the kinetic energy of droplet 1
increases for higher Vr, we observe this trend in the evolution of Xl during which the droplet
is governed by inertial forces. Similarly, during the initial stages the evolution of the positions
of the right contact edge (Xr) is independent of Vr as the impact velocity of droplet 2 is ﬁxed.
As time proceeds, Xl increases while Xr decreases with increase in Vr which corresponds to
higher retraction speeds of the contact edges. When coalescence occurs at higher Vr, droplet 1
undergoes greater deformation due to higher impact velocities. This results in higher surface
energies associated with the droplet system. Hence, when the impacting droplets coalesce the
excess surface energy released is higher. This excess surface energy is mainly converted into
the kinetic energy of the droplet ensemble, resulting in the fast retraction of the contact edges.
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Figure 5.18 shows the temporal evolution of the non dimensional spread factor (D∗). Following












Figure 5.18: Time evolution of spread factor for diﬀerent velocity ratios: θ = 90◦, Re = 300 and
We = 25.
the evolution of the contact edges the spread factor initially increases and shows a decreasing
trend at later stages of the impact, as Vr increases.
5.2.4 Inﬂuence of impact angle
Sometimes due to the motion of the ambient ﬂuid, the impacting droplet acquires a translational
velocity component in addition to its normal component. The interaction dynamics under
such situations are diﬀerent compared to normal impact scenarios. In this section we aim to
understand the eﬀect of impact angle α shown in Fig. 5.1, on the collision behavior and the
morphology of the impacting droplets. A time sequence of the impact dynamics for θ = 90◦,
Re = 300 and We = 25 is shown in Fig. 5.19 for α = 30◦ (left side) and α = 60◦ (right side).
The presence of a tangential velocity component in droplet 1 induces considerable amount of
asymmetry in the shape evolution of the droplet ensemble. As the magnitude of the normal
velocity component of droplet 1 for α = 30◦ is higher than its tangential component, we observe
the formation of the characteristic peripheral rims at T ∗ = 0.5. The droplets undergo inertial
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T∗ = 0.5 T∗ = 0.5
T∗ = 1.25 T∗ = 1.25
T∗ = 1.75 T∗ = 1.75
T∗ = 2.25 T∗ = 2.25
T∗ = 3.0 T∗ = 3.0
T∗ = 5.0 T∗ = 5.0
Figure 5.19: Temporal evolution of droplet impacting at θ = 90◦ for diﬀerent impact angles (α):
α = 30◦ (left side) and α = 60◦ (right side).
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spreading (T ∗ = 1.25) during which the central rims collide, leading to the formation of the
central ridge. Under normal impact scenarios (α = 0◦), the ridge transforms into a neck soon
after the coalescence of the central rims as the constituting droplets enter their recoiling phase.
However, for the oblique impact cases, the presence of the tangential velocity component in
droplet 1 maintains the supply of droplet liquid to the central ridge. We observe bulging corners
formed at both ends of the ridge (T ∗ = 1.75). These rounded ends are formed due to the
accumulation of the liquid moving sideways inside the ridge. As the combined droplet recoils
and the restoring eﬀects of surface tension begin to dominate, the height of the ridge decreases
(T ∗ = 2.25) and the capillary wave along the droplet sides propagates towards the recoiling front
end (T ∗ = 3.0). The height of the combined drop increases and it attains an equilibrium shape
corresponding the surface contact angle. When α is increased to 60◦, asymmetry in the shape of
the impacting droplet 1 increases (T ∗ = 0.5). Rims around the droplet periphery are observed
only near the rear end of the impacting droplet 1. Formation of the central ridge occurs due
to collision of the leading surface of droplet 1 and the spreading rim of droplet 2, unlike the
case observed for α = 30◦. The tangential momentum imparted by droplet 1 is high enough for
the ridge to propagate and coalesce with the recoiling front end (T ∗ = 1.75-2.25). This results
in the formation of a leading front end of the combined droplet (T ∗ = 3.0) which drives the
combined droplet along X direction. The rear end forms a rounded corner as it is dragged on
the substrate by the leading front end.
Figures 5.20 (a) and (b) illustrate the inﬂuence of α on the time evolution of Xl and Xr,
respectively. As α increases, the tangential momentum imparted to droplet 1 increases, which
results in faster retraction of the left contact edge as observed in Fig. 5.20 (a). As the normal
velocity component decreases with increase in α, we notice the maximum displacement of the
left contact edge decreases during its spreading phase. Unlike Xl the temporal evolution of
Xr is independent of α during the initial stages of the impact process as shown in Fig 5.20
(b). As time increases, we notice that the front contact edge undergoes recoiling for α = 45◦
while it continues to spread for higher α. For lower α, the droplet ensemble undergoes larger
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Figure 5.20: Time evolution of displacement of (a) left and (b) right contact edges for diﬀerent
impact angles: θ = 90◦, Re = 300 and We = 25.
lateral spreading owing to the higher normal velocity component which results in higher surface
energy. This increased lateral spreading along with a lower tangential velocity component leads
to recoiling of the front end for lower α. As discussed previously, with increase in α the tangential
momentum is high enough for the moving ridge to coalesce with the recoiling front end resulting
in increase in Xr. In the cases considered in this subsection, both the normal and tangential
velocity components of droplet 1 were altered with change in the impact angle. However, to
draw a comparison on the droplet interactions and isolate the role if tangential impact velocity,
we compare the evolution of the right contact edge shown in Fig. 5.17 (b) with cases having same
normal velocity component under oblique impact situations. Figure 5.21 shows a comparison
of the contact edges between the normal and oblique cases corresponding to VR = 0.2 and 0.6.
The ﬁgure clearly highlights the role of the tangential component of impact velocity on the
resulting interaction dynamics. We observe the deviation in the evolution of Xr between the
normal and oblique cases with VR = 0.2, corresponding to α = 78.46◦, to be greater than those
with VR = 0.6. This is attributed to the increase in imparted tangential momentum by droplet
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Figure 5.21: Comparison of the evolution of the right contact edge between normal (ﬁlled
symbols) and oblique impact (hollow symbols) cases with same normal impact velocity. ◦ and
δ symbols correspond to VR = 0.2 and 0.6, respectively. : θ = 90◦, Re = 300 and We = 25.
1 onto droplet 2 resulting to greater deformation and spreading along the transverse direction.
Figure 5.22 shows the temporal evolution of the x center-of-mass (Xcm) of the droplet system.
A monotonically increasing shift in the center-of-mass can be seen for the three impact angles.
With increase in α, Xcm increases resulting in larger displacement of the droplet system from
its initial impact location.
To analyse the internal ﬂow evolution during droplet impact and coalescence, diﬀerent colored
passive tracer particles were seeded inside the two droplets. The evolution of these particles were
followed using trilinear interpolation of the velocity ﬁeld from the surrounding lattice nodes and
their locations were updated after every time step using the fourth-order Runge-Kutta method.
Particles going out of the droplet due to numerical errors were omitted. Figure 5.23 shows the
results obtained for α = 30◦ (left side) and α = 60◦ (right side) at diﬀerent time steps. For α
= 30◦, we observe that soon after impact the particles of droplet 1 (violet coloured particles)
near the ridge penetrate droplet 2 (green coloured particles) as observed at T ∗ = 2.25. As the
front end of the droplet begins to recoil, the particles in droplet 2 begin to move upwards (T ∗
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Figure 5.22: Time evolution of x-center of mass of the droplet system for diﬀerent impact angles:
θ = 90◦, Re = 300 and We = 25.
= 3.0-5.0). This upward and retracting motion of the green particles resist the movement of
the incoming violet particles. The presence of a tangential velocity component results in an
asymmetric distribution of the tracer particles inside the droplet ensemble as shown at T ∗ =
10.0. The amount of asymmetry in the distribution of tracer particles increases with increase
in α. For α = 60◦, the violet particles penetrate and overlap over the green particles as shown
at T ∗ = 2.25 and 3.0. Increase in the tangential momentum of droplet 1 due to increase in α
resists the restoring eﬀects of the recoiling front end (T∗ = 5.0). While the upper region of the
droplet bulk is occupied by the particles of droplet 1, most of the lower region is ﬁlled with the
green particles (T ∗ = 10.0).
To understand the inﬂuence of substrate wettability on oblique impact scenarios, we perform
simulations with α = 60◦ for three diﬀerent contact angles. Figure 5.24 presents the temporal
evolution of the positions of the contact edges of the leading and rear ends of the droplet
ensemble. It is observed that with increase in contact angle, the position Xl increases. As the
contact angle increases, the contact area covered by the retracting droplets periphery decreases.
A larger contact area exerts higher viscous resistance from the substrate onto the retracting
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Figure 5.23: Internal ﬂow analysis of oblique impacting droplet at θ = 90◦ at diﬀerent time
instants (i) T∗ = 3.0 (ii) T∗ = 5.0 and (iii) T∗ = 10.0 for diﬀerent impact angles: (A) α = 30◦
and (B) α = 60◦.


























Figure 5.24: Time evolution of displacement of (a) left and (b) right contact edges for diﬀerent
contact angles: α = 60◦, Re = 300 and We = 25.
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contact edge. This results in larger dissipation of the initial impact energy of the droplet system.
Similarly, the temporal evolution of Xr increases as contact angle decreases, resulting in larger
droplet spreading at the front end. As time proceeds, we notice that there is a deviation in
this trend as the rate of evolution of Xr increases for larger contact angles. This is attributed
to the intense recoiling of the rear end of the droplet system for higher contact angles leading
to secondary spreading. The temporal evolution of the spread factor (D∗) shown in Fig. 5.25












Figure 5.25: Time evolution of spread factor for diﬀerent contact angles: α = 60◦, Re = 300
and We = 25.
follows the evolution of contact edges. Figure 5.26 illustrates the snapshots of the particle based
visualization depicting the internal ﬂow of the impact process for θ = 70◦ (left side) and θ =
120◦ (right side). Unlike the case with θ = 70◦, the particles inside droplet 1 are completely
displaced by the tracer particles in droplet 2 for θ = 120◦.
5.2.5 Inﬂuence of gas density
In many natural settings and industrial applications, the impact and coalescence of droplets
occurs when the surrounding ﬂuid is not air or vacuum. Hence, it would be important to
investigate the inﬂuence of gas density on the droplet interactions. The competition between
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Figure 5.26: Internal ﬂow analysis of oblique impacting droplet at α = 60◦ at diﬀerent time
instants (i) T∗ = 3.0, (ii) T∗ = 5.0 and (iii) T∗ = 15.0 for diﬀerent contact angles: (A) θ = 70◦
and (B) θ = 120◦.
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the forces from the external ﬂuid and those inside the drop determine the evolution dynamics.
Mukherjee and Abraham [17] investigated the inﬂuence of surrounding gas density and viscosity
on the crown dynamics of the splash formed when single droplet impacts a thin ﬁlm. They
observed a delay in crown breakup and decrease in rate of increase of crown radius and height
with increase in surrounding gas density. Figure 5.27 shows selected snapshots of the impact
T∗ = 0.75 T∗ = 3.75 T∗ = 6.25
Figure 5.27: Temporal evolution of impacting droplets with ρr = 10 (top row) and ρr = 100
(bottom row) for contact angle θ = 90◦.
sequence for ρr = 10 (top row) and 100 (bottom row) with ΔX = 1.7. At T∗ = 0.75, we observe
that rims of the impinging drops are more outspread for ρr = 100 when compared to those with
ρr = 10. This is attributed to the eﬀect of increased drag imposed by the surrounding denser
medium on the spreading rims. For ρr = 10, the induced drag is high enough to prevent the
drops from coalescing and they recoil as two separate individual droplets. However, the droplet
system with ρr = 100 undergoes coalescence as observed in Fig. 5.27. The temporal evolution of
D∗ shown in Fig. 5.28 (a) further elucidates the observations illustrated in Fig. 5.27. During the
inertial spreading phase, we notice that D∗ is nearly independent of ρr, except for the case with ρr
= 10. This clearly manifests the need of the viscous forces imposed by the surrounding medium
to be high enough to resist the inertia dominated spreading phase of the impacting droplets. As
the droplet system begins to retract, we observe an increase in the recoiling rates with decrease
in the gas density. The droplet system with ρr = 10 reaches a steady state soon after T∗ = 6.0
as observed by a constant D∗. For cases where the droplets interact and coalesce, we monitor
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the evolution of the neck width and height as shown in Fig. 5.28 (b). As mentioned previously,
surface tension forces then to contract the droplet system, thereby accelerate retraction leading
to increase in neck height and width, while the viscous forces inside the drop liquid resist this
retraction. When the surrounding medium is denser, the resistance to retraction oﬀered by the
viscous forces inside the ﬂuid are further augmented by the viscous resistance by the ambient
ﬂuid to the neck evolution. Figure 5.28 (b) illustrates this behaviour as the evolution of D∗neck
and H∗neck increases with increase in ρr.












































Figure 5.28: Inﬂuence of gas density on the time evolution of (a) spread factor (b) Neck width
and height of the droplet: θ = 90◦ and Oh = 0.025.
The results discussed above elucidate the signiﬁcance of interactions between two wall-
impinging droplets. Considerable deviations in the hydrodynamics and outcomes from a single
drop impact situation are observed which arise due to the complex interactions between the
droplets. Hence, it is important to account for these drop-drop interactions and morphological
changes in engineering applications instead of considering the impact behaviour as a simpliﬁed
summation of individual droplet impact sequence.
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5.3 Summary
For droplets impinging simultaneously, formation of a characteristic central ridge was observed
due to the collision and coalescence of the spreading rims. The ridge transforms into a neck
as the droplet system enters its recoiling phase. The width of the droplet neck increases due
to increased spreading on a hydrophilic surface. However, intense recoiling of the constituting
droplets is observed on a hydrophobic surface. Increase in droplet viscosity inhibits expansion
and retraction rates of the neck width. Governing inﬂuence of surface tension during later stages
of neck evolution results in rapid increase in neck width and height with increase in surface
tension.Droplets impinging with diﬀerent impact speeds are found to interact in two diﬀerent
modes of coalescence for the parameters considered in this study. When the interacting rims are
moving in the same direction, in-phase coalescence mode is observed. Out-of-phase coalescence
mode occurs when the interacting rims propagate in opposite directions. These modes are
described based on the velocity ﬁelds inside the rims in contrast to those observed inside the bulk
region for successively impinging drops [29]. However, an inversion in deﬁning these modes can
be made when the interactions have been described according to their spreading behaviors. This
is attributed to the interaction of both the drops with solid surface owing to the simultaneous
conﬁguration considered in this study. The evolution of neck shape is found to be dependent
on the nature of the coalescence mode. In contrast to the formation of a symmetric central
uprising sheet observed in [32], the presence of a tangential velocity component in one of the
droplets results in an asymmetric formation of the central ridge. Formation of such asymmetric
droplet morphologies and resulting motion have adverse eﬀects graphical applications where
precise control on drop deposition and coalescence is needed to increase the printing resolution.
Hence, it is important to understand the eﬀects of impact angle on coalescence dynamics in
optimizing these applications. Internal ﬂow analysis reveal that greater overlap among the ﬂuid
particles is observed with increase in impact angle. Such enhancement in liquid-liquid mixing is
important in additive manufacturing applications such as in the synthesis of nylon 6 of reactive
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ﬂuids. Experimental and numerical investigations by Castrejo´n-Pita et al. [27] et al. have
shown the lack in droplet mixing in normal impact situations. The present study indicates
an improvement in mixing for oblique impact cases. Finally, the present study indicates that
the density of the surrounding medium plays an important role in determining the outcome of




Wall assisted drop control
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Chapter 6
Droplet rebound suppression: Physical and
Physiochemical modulations1
The previous three chapters of this thesis have investigated the interactions between wall imping-
ing drops. We now focus on another aspect of drop-wall interactions: Drop control. This part
deals with exploring new methods and investigating the underlying ﬂow dynamics associated
with some existing ways to control the behavior a drop through wall modulations. We begin
with identifying new methods to control droplet rebound from a dry surface through physical
and physiochemical modulations in this chapter. Firstly, a method for drop rebound control
by providing surface oscillations along the direction perpendicular to the line of impact is pre-
sented. We probe the eﬀects of oscillation amplitude and frequency on the impact dynamics and
outcome by numerical simulations. The results are illustrated through the time-resolved inter-
face proﬁles, the temporal evolution of contact diameter, the shift in the center of mass of the
droplet system and the aspect ratio of the contact area. We provide a phase diagram suggesting
the values of oscillation amplitude and frequencies wherein droplet rebound and suppression
are noticed. The mechanism of rebound suppression is explained through the distribution of
1Parts of this chapter have been published as:
(i)”K. A. Raman, R. K. Jaiman, Y. Sui, T. S. Lee and H. T. Low, Rebound suppression of a droplet impacting
on an oscillating horizontal surface, Physical Review E 94, 023108, 2016.” (ii)”K. A. Raman, R. K. Jaiman, T.
S. Lee and H. T. Low, Lattice Boltzmann simulations of droplet impact onto surfaces with varying wettabilities,
International Journal of Heat and Mass transfer, 95: 336-354, 2016.”
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non-axial kinetic energy of the droplet. However, in many practical applications, the presence
of moving parts poses diﬃculties in integration of moving parts and noise. As such, it is also
necessary to discern alternative methods to suppress drop rebound by modifying the wettability
characteristics of the target surface. It is well known that the kinetics of the three phase contact
line dictates the droplet ﬂow physics, hence diﬀerent dynamical outcomes must be investigated.
The second part of this work focuses on the dynamics of the impinging droplet resulting due to
the kinetics of the contact line on surfaces with varying wettabilities. Of particular interest of
this investigation is to characterize the eﬀect of: (a) receding contact for normal and oblique
droplet impinging scenarios, (b) surface wettability gradients. To the best of our knowledge, the
interplay of contact angle hysteresis and the tangential momentum, on the dynamics obliquely
impacting droplet has not been studied numerically. The interactions between the surface chem-
ical wettability gradient and the moving contact line are analyzed for a range of parameters.
The ﬂow physics leading to directional propagation of the impacting droplet on such surfaces
is examined in detail. The distinct characteristic of our simulations is that the ﬂow ﬁeld inside
the impacting droplet can be visualized to understand the mechanisms of diﬀerent dynamical
behaviors. Such physical mechanisms can help in proper understanding of the impact dynamics
on non-ideal surfaces, which is necessary for improving the performance of relevant applications.
The remainder of the chapter is organized as follows: The details of the problem deﬁnition
and the results on the dynamics on drop impact on an oscillating surface are presented and
discussed in Section 6.1. The role of physiochemical modulations of the target surface for drop
rebound suppression in the form of inﬂuence of wettability gradient and receding contact angle
are discussed in Section 6.2 and Section 6.3, respectively. A summary is provided in Section 6.4.
6.1 Eﬀect of wall oscillations
A sketch outlining the problem deﬁnition is provided in Fig. 6.1. The droplet and the sur-
rounding ﬂuid are considered to be incompressible, viscous and immiscible. The droplet density
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and viscosity are denoted by ρl and µl, respectively, while those of the surrounding ﬂuid are
represented by ρg and µg as shown in the ﬁgure. The eﬀects of gravity are considered to be








Surrounding ﬂuid (ρg, µg)
Solid wall Do
Figure 6.1: Schematic representation of problem deﬁnition of a liquid droplet impacting on a
oscillating solid surface.
Do impinges normally onto a solid surface with an impact velocity of Uo. The solid surface os-
cillates with a wall velocity of Uw. All the length and velocity scales are made non-dimensional
by the droplet diameter (Do) and the initial impact velocity (Uo), respectively. Accordingly, the
non dimensional time is given as T ∗ = (tUo/Do), where t is the simulation time in lattice units.
The important dimensionless parameters governing droplet impact on solid substrate include
the Weber number (We = (ρlU2oDo)/σ) which indicates the ratio of inertial force to surface
tension; the Reynolds number (Re = (ρlUoDo)/µl) which denotes the ratio of inertial force to
viscous force; the density ratio (ρr = ρl/ρr) and viscosity ratio (µr = µl/µg). The density ratio
and viscosity ratio in the current work are set to be 1000 and 40, respectively. To investigate
the role of surface oscillations, we set the Reynolds number (Re) and the Weber number (We)
of the impinging droplet at 600 and 51.2, respectively. The computational domain is a cuboid
with its non-dimensional size set to be 4.0×2.44×1.72. The no-slip wall boundary conditions
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are applied on the top and bottom boundary. For the bottom boundary, the no-slip boundary
condition is imposed using the bounce back scheme [132] in which the colliding particles not
only reverse their momenta, but also gain momentum due to the wall velocity Uw as given by
Eq.(2.41). Periodic boundary conditions are imposed on the side boundaries.The wall oscillates
with an amplitude of UA and frequency ω, where ω is given as
ω = (ω¯π)/Tiner (6.1)
where Tiner is the inertial time scale deﬁned as Tiner = Uo/Do. In the subsequent sections, the
wall oscillations will be characterised by a simple wave form as a function of UA and ω¯: Uw =
UAf(ω¯T ∗+ψ) where ψ is the phase angle. We perform grid independence test by comparing the
Do (in lattice units) 50 70 84
D∗max 1.624 1.719 1.774
Relative error 8.45 % 3.1 % −−−
Table 6.1: Numerical convergence for various droplet radii with Re = 600, We = 51.2 and θ =
140◦.
maximum spread factor (D∗max) for droplets impacting with the same initial impact velocities at
UA = 0.15 and ω¯ = 1.0. Table 7.1 shows D∗max for three diﬀerent grid resolutions. Only a slight
variation in D∗max is observed for various Do. Based on the grid independence test, the droplet
diameter is set to be 70 lattice units for the simulations preformed in this study hereafter.. The
developed code is parallelized for shared memory paradigm via OpenMP. A typical run time of
the droplet impact simulation for the oscillating wall case took around 48 hours on the parallel
cluster of NUS High Performance Computing (HPC) facility.
6.1.1 Role of waveform geometry
The combined eﬀects due to the interactions between the moving surface and the impacting
droplet determine the ﬁnal impact outcome. As such, we begin our investigations by exploring
the inﬂuence of the waveform geometry of the oscillating substrate on the impinging droplet. We
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consider three diﬀerent nature of wall velocity proﬁles, namely sinusoidal wave, triangle wave
and square wave for the oscillating substrate. Figure 6.2 (a) shows the velocity proﬁles for one





















Figure 6.2: (a) Proﬁles of the diﬀerent waveforms for the oscillating substrate and (b) temporal
evolution of the normalized contact width for diﬀerent waveforms for UA = 0.15 and ω¯ = 1.0.
evolution of the droplet contact width for diﬀerent waveforms is illustrated in Fig. 6.2 (b). The
observations indicate that the droplet undergoes rebound when the substrate is excited with sine
and triangle waveforms. However, suppression of droplet rebound is observed when the surface
oscillation is actuated with square waveform. It is to be noted that droplet lift-oﬀ time when the
surface oscillates with sine waveform is greater than that with triangle waveform. The result of
diﬀerent impact outcomes when the substrate is excited with diﬀerent wave proﬁles is attributed
to the momentum transferred to the droplet liquid by the oscillating substrate. The magnitude
of this transferred momentum, which depends on the work done by the oscillating surface on the
impacting droplet, is proportional to the area under the curves shown in Fig. 6.2 (a). Hence, the
surface excited with square waveforms results in maximum momentum transport to the droplet
liquid. When a droplet impinges on a stationary surface and reaches it maximum spread, the
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(b)
(b)
Figure 6.3: Velocity ﬁeld inside the droplet for (a) triangle and (b) square waveforms at T∗ =
2.0 for UA = 0.15 and ω¯ = 1.0.
surface energy converts back into kinetic energy resulting in droplet rebound. However, when
the surface oscillates, the momentum transferred by the surface to the droplet liquid resists the
surface tension forces as the droplet recoils. This leads to additional stretching of the droplet
along the oscillating direction and prolongs droplet recoiling. Depending on the magnitude of
momentum transferred, which in turn resists the surface tension forces, would result in diﬀerent
droplet impact outcomes. Figure 6.3 depicts the velocity ﬂow ﬁeld inside the droplet along the
mid y plane for (a) triangle and (b) square waveforms at T∗ = 2.0. The velocity ﬁeld indicates
the presence of high momentum ﬂuid near the wall for case (b) unlike case (a) where the ﬂuid
near this region is almost stationary. A notable observation is the shape of the interface proﬁles
observed for the two cases. The interface proﬁle for square waveform is stretched to a greater
extent compared to triangle waveform. The interface proﬁles of the recoiling droplet for the three
(a) (b) (c)
Figure 6.4: Interface proﬁles of the impacting droplet for (a) sine (b) triangle and (c) square
waveforms of the oscillating substrate with UA = 0.15 and ω¯ = 1.0 at T∗ = 4.0.
diﬀerent waveforms are illustrated in Fig 6.4 at T∗ = 4.0. We observe capillary waves travelling
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the droplet free surface for (a) sine and (c) square waveforms, while such characteristic waves
are absent on the droplet surface with (b) triangle waveform. Formation of such capillary waves
have been observed on a droplet resting on a vibrating surface [139]. Diﬀerent resonant modes
of the droplet shapes can be observed by varying the vibration frequency. The droplet is more
stretched with a narrow contact area for case (c) unlike case (a). The results presented in this
section indicate that out of the diﬀerent waveforms tested, square waveform promote greater
drop rebound suppression under a given set of impact conditions. As such, we would explore
the eﬀect of diﬀerent oscillation parameters on drop impact outcome using square waveform in
the following subsections.
6.1.2 Role of oscillation phase at the instant of impact
Since the substrate is oscillating, it is natural to ask the question: What is the inﬂuence of
the phase angle (ψ) of the oscillating wall, at the instant of drop impingement, on the impact
outcome? Having ﬁxed the geometry of the waveform of the oscillating wall, we next investigate
the eﬀect of the phase angle on the dynamics of the impacting droplet. We ﬁrst consider the case
with ﬁxed oscillation frequency of ω¯ = 1.0 for two diﬀerent oscillation amplitudes. Figure 6.5
illustrates the temporal evolution of the contact diameter with (a) UA = 0.125 and (b) UA =
0.15 for diﬀerent phase angles. In general, we observed that for the given waveform and other
impact conditions, the temporal evolution of the contact width is fairly independent of the phase
angle as shown in Fig. 6.5. However, slight deviations in this behavior can be noticed around
the region surrounding the maximum spread in both the cases considered. This is depicted
from the plots inset in ﬁgures (a) and (b). The crashing time, deﬁned as the time taken by the
droplet to undergo maximum spread is around Do/Uo, corresponding to T
∗ = 1.0. For the given
ω¯ considered in this case, the wall completes the ﬁrst half of its oscillation cycle at T∗ = 1.0,
corresponding to the crashing time when ψ = 0. As ψ increases, the time period between the
instant of impact and the commencement of the second half of the cycle decreases. This implies
that for the considered cases with ψ greater than zero, the wall undergoes the second half of
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Figure 6.5: Temporal evolution of the normalized contact width for diﬀerent phase angles (ψ)
with oscillation amplitude (a) UA = 0.125 and (b) UA = 0.15 at ω¯ = 1.0.
oscillation cycle within the crashing time. From the numerical predictions illustrated from the
inset plots it can be inferred that the rate of increase of D∗ is highest for ψ = 0 and lowest
for ψ = π/2. We attribute this tendency to the duration in which unidirectional momentum
is transferred from the moving wall to the inertia driven spreading droplet within its crashing
time. Increase in this duration of unidirectional momentum transfer escalates droplet spreading
along the oscillating direction. The cases with ψ = π/4 and 3π/4 have the same duration of
unidirectional momentum transfer. As such we observe that while evolution rate D∗ for ψ =
3π/4 initially higher than that with ψ = π/4, a reversal in this trend is noticed as time proceeds.
This evolution trend in D∗ around the region surrounding the maximum spread is ampliﬁed as
UA is increased.
We next investigate the cases wherein the oscillation amplitude is ﬁxed at UA = 0.1 while two
diﬀerent frequencies are considered. Figure 6.6 depicts the temporal evolution of D∗ for diﬀerent
phase angles with (a) ω¯ = 0.5 and (b) ω¯ = 1.5. For ω¯ = 0.5 and ψ = 0, the commencement of the
second half of the oscillation cycle begins at T∗ = 2.0. Hence, for the cases with ψ = 0 and π/4,
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Figure 6.6: Temporal evolution of the normalized contact width for diﬀerent phase angles (ψ)
with oscillation frequency (a) ω¯ = 0.5 and (b) ω¯ = 1.5 at UA = 0.1.
there is a unidirectional momentum transfer from the wall to the impinging droplet even beyond
its crashing time when it undergoes recoiling. We observe rebound suppression for both these
cases with the evolution rate of D∗ for ψ = 0 being higher than that with ψ = π/4 as shown
in Fig. 6.6 (a). This again can be attributed to the increase in the duration of unidirectional
momentum transfer as discussed previously. For the remaining phase angles we observe droplet
rebound. In either of these cases, the wall begins the second half of the oscillation cycle just
after or within its crashing time corresponding to ψ = π/2 and 3π/4, respectively. For the case
with increased frequency of ω¯ = 1.5, we observe D∗ being independent of ψ leading to droplet
rebound. We consider ψ = 0 for the remaining sections considered in this study.
6.1.3 Role of oscillation amplitude and frequency
To investigate the eﬀect of the amplitude of the oscillating substrate on the impact behavior,
we ﬁx the oscillation frequency ω¯ and the substrate contact angle to be 1 and 140◦, respectively.
Figure 6.7 displays shape of the droplet at diﬀerent time instants for UA = 0.05 (top row)
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and 0.15 (bottom row). The tangential momentum imparted by the moving substrate to the
T∗ = 2.74 T∗ = 4.11 T∗ = 6.17 T∗ = 8.91
Figure 6.7: Temporal evolution of impacting droplet for UA = 0.05 (top row) and UA = 0.15
(bottom row) on a surface with ω¯ = 1.0.
droplet liquid leads to greater elongation of the recoiling droplet along the direction of the wall
oscillations. This elongation of the recoiling droplet increases with increase in UA as observed
from the droplet shapes at T∗ = 2.74. The droplet deformation is characterized by regions of
varying local curvature along the drop surface. The magnitude of these local curvatures increases
with increase in UA, as observed from the droplet shapes at T
∗ = 4.11. The competing inﬂuence
of the restoring eﬀects of the Laplace pressure to minimize the surface area, and the inertial
forces inside the droplet supplemented by the momentum transferred by the moving substrate,
results in the generation of capillary waves along the droplet surface. For UA = 0.05, the droplet
shape evolves into a column like structure (T∗ = 6.17) and eventually lifts oﬀ the substrate.
After it rebounds oﬀ, the droplet evolves to a top-heavy mushroom shape as shown at T∗ =
8.91. However, for UA = 0.15, we notice that the droplet recoils and continues oscillating on
the substrate. Hence, for the case with UA = 0.15, the droplet rebound is suppressed.
We next investigate the eﬀect of oscillation frequency (ω¯) of the moving surface on the
morphology of the impacting droplet. The oscillation amplitude (UA) is set to be 0.10 for the
cases considered in this subsection. Figure 6.8 shows the time sequence of the impact process
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for ω¯ = 0.5 (top row) and ω¯ = 1.5 (bottom row). The time taken by the impacting droplet to
T∗ = 3.08 T∗ = 5.14 T∗ = 6.85 T∗ = 10.28
Figure 6.8: Temporal evolution of impacting droplet for ω¯ = 0.5 (top row) and ω¯ = 1.5 (bottom
row) on a surface with UA = 0.10.
spread to its maximum diameter, τmax, is of the order of (2R/Uo), while the time corresponding
to the oscillation time period for ω¯ = 0.5 is 4τmax. This implies that the direction of momentum
transfer between the wall and the droplet does not change during the inertial spreading phase,
as well as the early recoiling stage of the impact sequence. This results in asymmetric droplet
spreading, leading to a greater accumulation of ﬂuid inside the rim which spreads along the
direction of the wall motion. As the droplet attains its maximum spread diameter at the time
τmax, surface tension forces begin to dominate and the droplet begins its recoil. However, since
the direction of the moving wall remains unchanged till T∗ = 2τmax, the asymmetry in the
shape of the recoiling droplet is promoted with the ﬂuid inside the droplet migrating from the
downstream side towards the left rim. After time T ∗ = 2τmax, there is a reversal in the direction
of wall motion. The direction of ﬂow near the base of the droplet changes due to this reversal in
the direction of wall motion leading to accumulation of the liquid inside the right rim. Owing
to the inertia attained by the droplet liquid due to the initial wall movement, the direction
ﬂuid in the upper part of the droplet does not change during this cycle of wall motion. The
height of the left rim increases as the droplet continues to recoil. This results in the formation
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of an asymmetric two lobed droplet morphology, as observed at T∗ = 5.14. The two lobes
merge together under the inﬂuence surface tension eﬀects as the droplet completely recoils and
oscillates on the surface. When ω¯ is increased to 1.5, we observe capillary waves travelling along
the droplet surface due the interactions between the surface tension forces and the momentum
transferred by the oscillating substrate. Unlike the case with ω¯ = 0.5, the droplet does not
undergo large surface deformations along the direction of the oscillating wall and eventually
rebounds oﬀ the surface.




















Figure 6.9: Temporal evolution of the normalized contact width for diﬀerent wall oscillation (a)
amplitudes and (b) frequencies.
Figure 6.9 (a) and (b) illustrates the temporal evolution of the spread factor for diﬀerent
oscillation amplitudes and frequencies, respectively. After the initial increase in D∗ due to
inertial spreading, it is observed that D∗ decreases as time progresses. For UA = 0.05 and 0.10,
droplet rebound is observed as D∗ approaches zero. It may be noted that the detachment time
of the droplet increases with increase in UA. The evolution of spread factor for UA = 0.15
indicates rebound suppression as D∗ increases after reaching its minimum spread around T∗ =
10.0. Figure 6.9 (b) illustrates the temporal evolution of the spread factor which reiterates the
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observations found from the time resolved images in Fig 6.8. The evolution of D∗ increases with
decrease in ω¯. As ω¯ increases, the time taken by the droplet to lift oﬀ the substrate decreases.
To further characterize the behavior of the impacting droplet on oscillating substrates, we
monitor the shift in the displacement of the X center of mass (ΔXcm) of the droplet system
from its initial position. The instantaneous X center of mass Xcm of the droplet is calculated









where V encloses the region where the density (ρ) is greater than ρ∗ which corresponds to the
mean density. Figure 6.10 shows the time evolution of ΔXcm of the droplet for diﬀerent values






















Figure 6.10: Temporal evolution of the normalized shift in X center of mass of the impacting
droplet for diﬀerent wall oscillation (a) amplitudes and (b) frequencies.
of oscillation amplitude and frequencies. We notice that in Fig. 6.10 (a), a large shift in the
position of the X center of mass of the droplet system during the ﬁrst cycle of wall oscillation.
During the initial inertial spreading phase of impact process, the droplet covers a larger contact
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area of the moving substrate. Hence, the tangential momentum transferred to the droplet liquid
is higher resulting in larger shift in X center of mass of the droplet system during initial cycles
of wall oscillations. As UA increases, the tangential momentum transferred to the impacting
droplet increases, leading to increase in ΔXcm. As time proceeds, the droplet begins to recoil
and the contact area decreases resulting in smaller ﬂuctuations in ΔXcm. A smooth and linear
variation in ΔXcm is observed for UA = 0.05 and 0.10 at later stages of impact due to droplet
rebound.
It is observed that as time proceeds, for the case with UA = 0.15, ΔXcm continues to
translate as the droplet rests on the oscillating substrate. We may attribute such shift in ΔXcm
due to the combined interactions of the swaying motion of the oscillation free surface of the
droplet and spreading of the droplet contact line. It is to be noted that the interactions between
these two eﬀects leading to the observed translation is triggered for a higher UA. Benilov and
Billingham [140] were the ﬁrst to demonstrated that the interactions between the swaying and
spreading modes controlled the motion of liquid drops placed on an inclined plane oscillating
vertically. They concluded that both the modes were needed to make the drop climb uphill, and
the eﬀect is strongest when they are in phase with each other. While in their work [140], the
direction in which the drop moves was determined by the speciﬁcs of the interaction between
the two modes, the direction of shift is governed by the direction of the wall movement during
the inertial spreading. The asymmetry introduced in the droplet shape during this period,
determines the direction of this shift. Similar to the oscillatory nature of the mean velocity of
the drop observed in [140], the temporal evolution of ΔXcm for UA = 0.15 exhibits oscillatory
nature.
Increased duration of unidirectional momentum transfer from the wall to the droplet in
one direction for ω¯ = 0.5, induces suﬃcient asymmetry in the droplet shape. This leads to a
signiﬁcant shift in the X center of mass of the droplet as seen from Fig. 6.10 (b). As the wall
reverses its direction and liquid begins to accumulate in the right rim, a small rise in ΔXcm
is observed. At this stage of the impact process, the droplet is divided into two regions. A
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rising upper left region of the recoiling droplet comprising of the large left rim and a region
close to the wall including the smaller right rim. As the wall undergoes subsequent cycles of
oscillations, the coupled interactions between the oscillating lower region and the surface tension
driven recoiling upper region results in further shift in ΔXcm. This lateral shifting of the droplet
from its initial location for the case with ω¯ = 0.5 compared to other two cases is attributed to
the induced asymmetry in droplet shape due to the unidirectional transfer of momentum from
the wall during the inertial spreading and the early retraction phase of the impact process.
Figure 6.11 illustrates the temporal evolution of the aspect ratio of the contact area given
by AR = (Rx/Ry). For UA = 0.05, we observe that AR nearly stays close to 1.0 during its



























Figure 6.11: Temporal evolution of the aspect ratio (AR) of the contact area for diﬀerent wall
oscillation (a) amplitudes and (b) frequencies.
impact process until it lifts oﬀ the surface. Aspect ratio close to 1.0 implies that the contact
line in circular in shape and it retracts with the peripheral forces along the contact line nearly
acting uniformly towards its center. With increase in UA, we observe an increase in the evolution
AR, which indicates slender and more elongated contact line shapes. Such shapes break the
symmetry in the retraction process in comparison to a circular contact line. For UA = 0.15, a
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sharp increment in the maximum value of AR is observed. Unlike the other two cases considered,
we observe a gradual rise AR after the droplet undergoes retraction. However, a decreasing trend
in the evolution of AR is noted for increasing oscillation frequencies as observed in Fig. 6.11
(b). This attributed to the unidirectional deformation of the contact line for lower ω¯ leading to
elongated and slender shaped contact areas.
When a drop impacts on a solid surface, the initial kinetic energy of the droplet is converted
into the surface energy of the spreading droplet and a part of it dissipates due to viscous
resistance. After reaching its maximum spread, the droplet undergoes recoiling during which
the surface energy is converted back into kinetic energy. When the surface is stationary, the
kinetic energy is transferred primarily along the symmetry axis (Z-axis), leading to droplet
rebound. Presence of wall oscillations breaks down this symmetry in the distribution of the
kinetic energy. The momentum transferred by the substrate leads to greater droplet deformation
along the direction of wall oscillations. This leads to greater distribution of the kinetic energy
along the principle X-axis compared to the symmetric Z-axis. Figure 6.12 shows the non-axial


















Figure 6.12: Temporal evolution of the non-axial distribution of the kinetic energy (η) for
diﬀerent wall oscillation (a) amplitudes and (b) frequencies.
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distribution of the kinetic energy (η) [141] deﬁned as the ratio of the non-axial kinetic energy







(1/2)ρ(u2x + u2y + u2z)dV
(6.3)
where ux, uy and uz are the x, y and z components of the velocity, respectively. Owing to the
diﬀuse nature of the interface, oscillations are observed in the temporal distribution of η during
the initial stages of impact. Therefore, to ﬁlter these oscillations, we plot the average values of
η taken in an interval of every 200 time steps. It is apparent from the Fig. 6.12 (a) that the
break down in the symmetric distribution of kinetic energy depends on the oscillation amplitude.
When droplet rebounds oﬀ the substrate, we notice a gradual decrease in η with time. However,
for UA = 0.15, we observe most of the kinetic energy of the droplet system distributed along the
planar axes. Similarly, we observe signiﬁcant transfer of the droplet kinetic energy across the
planar axes after T∗ = 5.0, for the case with ω¯ = 0.5 in Fig. 6.12 (b), during which the droplet
undergoes lateral shifting. This reduces the kinetic energy transferred along the symmetric z-axis
and prevents droplet rebound unlike the other two cases considered.
A series of computations for diﬀerent oscillation amplitudes and frequencies has been per-
formed to construct a phase diagram, as shown in Fig 6.13 (a). The phase diagram presents two
regimes, namely droplet rebound and suppression for Re = 600 and We = 25.6. It is observed
that while high values of ω¯ and low UA favours the occurrence of droplet rebound, the converse
is true for droplet deposition. As discussed previously, this behavior is attributed to the transfer
of the initial kinetic energy along the planar axes for higher UA and lower ω¯ leading to droplet
deposition. Hence, a optimum choice of ω¯ and UA can result in diﬀerent outcomes of the impact
process. It can be observed from the regime map shown in Fig. 6.13 (a) that a nearly linear trend
close to the transition region between the two regimes exists. To further elucidate this trend
along the transition region, we scale ω¯ with the oscillation amplitude UA and plot a diﬀerent
scaled ﬂow regime map (ω¯ versus ω¯/UA) as shown in Fig. 6.13 (b). This leads to the rescaling
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Figure 6.13: Phase diagram in (a) ω¯-UA and (b) ω¯-(ω¯/UA) for the droplet rebound and deposi-
tion regimes. ◦ and ⊳ symbols represent rebound and deposition regimes, respectively.
of the frequency using the oscillating speed instead on the initial impact speed of the impinging
droplet. The ﬁgure clearly illustrates the linear trend along the transition region. A best ﬁt
curve is plotted in the regime map separating the rebound and deposition regimes, given by the
equation:
ω¯/UA = M ω¯ + C (6.4)
where the coeﬃcient M = 3 and the constant C = 4.2.
6.1.4 Kinematics of rebound suppression
In order to elucidate the essential mechanism of rebound suppression of a droplet subjected to
wall oscillation, we compare the instantaneous velocity ﬁeld inside the droplet along the symme-
try plane between a non-oscillating and an oscillating surface. Figure 6.14 illustrates these ﬂow
ﬁelds inside the drop with the left and the right column corresponding to non-oscillating and
oscillating cases, respectively. The oscillation amplitude and frequency for the case considered in
this section are set to be 0.15 and 1.0, respectively. In general, the process of normal drop impact
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(a) T∗ = 8.892
Y X
Z
(b) T∗ = 8.892
Figure 6.14: Instantaneous velocity ﬁeld inside the droplet along the symmetry place for (a)
non-oscillating and (b) oscillating case with UA = 0.15 and ω¯ = 1.0.
on a stationary solid surface can be classiﬁed into three stages: symmetric inertial spreading,
recoiling and attainment of equilibrium conﬁguration. Presence of an oscillating surface trans-
lates the symmetric inertial spreading stage into asymmetric inertial spreading. This asymmetry
is attributed to the accumulation of the droplet liquid inside the inertia driven spreading rim
moving in-phase with the oscillating wall. Once the drop attains its maximum spread, the role
of wall oscillation becomes signiﬁcant in determining the impact outcome. When the droplet be-
gins to recoil for an non-oscillating case, the liquid inside the peripheral rims is directed upwards
towards the central axis of symmetry. This behavior is illustrated from the velocity ﬁeld inside
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the drop as shown in Fig. 6.14 (a) at T∗ = 4.104 and 5.814. This stage constitutes the recoiling
phase of the impact process. We notice that during this phase the magnitude of velocity ﬁeld
near the base of the droplet is relatively low compared to the motion of the bulk ﬂuid in the
upper region, which leads to its vertical elongation. The drop continues to elongate and detaches
from the surface resulting in rebound. As the drop is airborne, we observed intense recoiling
of the trailing end of the drop which is depicted from the velocity ﬁeld in this region as shown
at T∗ = 8.892. The presence of wall oscillations along the direction normal to the impact line
breaks the uprising central symmetry of the the ﬂow ﬁeld during the recoiling phase which is
observed for non-oscillating situations. The high momentum ﬂuid in contact with the oscillating
wall, which is observed from the velocity ﬁeld shown in Fig. 6.14 (b), transfers this momentum
to the adjoining bulk droplet ﬂuid. This leads to the movement of the droplet liquid along the
transversely along the oscillating direction and restricts its bulk uprising, thereby breaking the
uprising central symmetry of Fig. 6.14 (a). The velocity ﬁeld inside the bulk region of the drop
at T∗ = 5.814 is in-line with this observation. Due to this transverse movement of the bulk ﬂuid
and under the inﬂuence of the restoring eﬀects of surface tension forces, the receding phase is
characterised by the generation of waves along the droplet surface. Hence, we assign this stage
of the impact process as recoiling with surface waves. Finally, as the drop recoils and attains a
spherical conﬁguration, we observe that only the region close to the wall is driven by the high
momentum ﬂuid in contrast to its bulk. This leads to the ﬁnal oscillatory equilibrium phase of
the impact process.
To further quantify the above discussed mechanism for rebound suppression, we monitor the











where i corresponds to the principle co-ordinate axis along X, Y and Z directions. Figure
6.15 illustrates the temporal evolution of ηi along the three directions. The observations clearly
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Figure 6.15: Temporal evolution of the ratio of kinetic energy of the droplet along the principles
axes between oscillating and non-oscillating walls
indicate that the major portion of the kinetic energy is transferred along the X axis, followed
by Y and Z axes. As time proceeds, we notice a sharp rise in ηx and ηy between in T∗ = 4
and 9. During this period the drop undergoes vigorous recoils and the excess kinetic energy is
converted into surface waves traveling its surface. The temporal evolution of ηz clearly indicates
the suppression of kinetic energy transfer along the Z direction with ηZ being less that 1 for
most of the impact duration.
6.2 Eﬀect of wettability gradient
The schematic for the droplet impact on a substrate with wellability gradient is shown in
Fig. 6.16. The substrate is divided into three zones. To understand the role of surface to-
pography of target solid on the physical events of drop impact phenomenon, two zones with
constant wettability with contact angles θ1 and θ2, where the value of θ1 is ﬁxed to be 140◦ for
all the cases. The region separating the zones of constant wettability, the zone of wettability
gradient, is spanned across a ﬁxed length of ΔXwg = 1.2Do. The contact angle in this region is
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Zone of wettability gradient
Uo
Figure 6.16: Schematic of a droplet impinging onto a solid wall with wettability gradient.
varied linearly from θ1 to θ2. The wettability gradient parameter ω˜ given by
ω˜ = θ1 − θ2ΔXwg
(6.6)
is varied by changing the value of θ2. A computational domain of 201×141×101 is employed for
this case.
We investigate on the inhomogeneities in the wetting characteristics of the substrate which
result in wettability gradient. In particular, the wettability gradient arising due to variation
in chemical properties [56] is investigated. Figure 6.17 (left) illustrates the time sequence of
the impact process onto a substrate with the wettability gradient ω˜ = 1.5, corresponding to
θ2 = 50◦. The initial spreading phase is not much aﬀected by the wettability gradient of the
substrate, where the substrate wettability is dominated by the droplet inertia. Upon reaching its
maximum spread radius, the eﬀect of surface wettability comes into play a signiﬁcant role. The
leading front of the droplet residing on the gradient side adjusts to the local contact angles. This
results in an asymmetric recoiling phase of the droplet. The trailing part of the droplet recedes
much faster in comparison to the leading droplet front owing to the relative hydrophobicity
of the substrate. After completion of the recoiling phase, secondary spreading of the droplet
begins. During this phase of the secondary spreading, the leading droplet front spreads more
readily than the trailing part. The spreading and recoiling dynamics of the droplet is strongly
inﬂuenced by the amount of surface wettability gradient (ω˜).
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T∗ = 2.0 T∗ = 2.0 T∗ = 1.6
T∗ = 4.8 T∗ = 4.8 T∗ = 6.0
T∗ = 8.0 T∗ = 12.0 T∗ = 8.0
T∗ = 12.0 T∗ = 18.0 T∗ = 9.6
T∗ = 16.0 T∗ = 24.0 T∗ = 14.0
Figure 6.17: Temporal evolution of droplet impacting with θ1 = 140◦ and : θ2 = 50◦ (left side),
θR = 90◦ (center) and θR = 110◦ (right side).
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Figures 6.17 (center) and 6.17 (right) depict the time sequence of the impact behaviour
for ω˜ = 0.833 and 0.5, respectively. The asymmetry induced in the droplet shape during the
recoiling phase is noted to decrease as ω˜ decreases. For ω˜ = 0.833, we observe that the secondary
spreading in not as prominent as observed for the case with ω˜ = 1.5. This can be attributed
to the surface wettablilty of the substrate encountered by the spreading droplet. The droplet
eventually attains its equilibrium shape (T ∗ = 24.0). We further observe the droplet rebound
for ω˜ = 0.5 as illustrated in Fig. 6.17. In this case we do not observe any secondary spreading
phase after the recoiling phase. The receding contact line of the droplet converges (T ∗ = 9.6)
during the recoiling phase and the droplet lifts oﬀ the substrate (T ∗ = 14.0). The diﬀerence
between the receding and the spreading dynamics of the droplet for diﬀerent surface wettability
is a result of the interactions of the droplet ﬂuid near the substrate and the bulk. When the
droplet recoils, the droplet liquid associated with the trailing part recedes faster as the contact
region is hydrophobic. This is observed from the velocity ﬁeld inside the droplet in Fig. 6.18(a).






















Figure 6.18: The velocity ﬁeld within an xz-plane at y = Ly/2 during the spreading of a droplet
on a substrate with a wettability gradient ω˜ = 1.5: θ1 = 140◦.
recoiling as illustrated from the velocity ﬁeld plot. Similarly during the secondary spreading
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phase, the droplet liquid near the leading part of the droplet moves faster as compared to its
trailing part as elucidated in Fig. 6.18(b). These coupled interactions between the faster and
slower ﬂuid motion inside the droplet results in an inchworm type motion of the impinging
droplet. Similar mechanism of the droplet movement on surfaces exhibiting wettability gradient
was explained by Randive et al. [142]. They investigated the behavior of a droplet on an
inclined surface with a sharp change in the surface contact angle (i.e., the variation of surface
from hydrophobic to hydrophilic). They suggested a ”push” and ”pull” type of mechanisms
when the droplet crosses the junction from the the hydrophobic to the hydrophilic region. This
phenomenon resembles the inchworm type motion exhibited by the droplet in the current study.
The temporal evolutions of the positions of the upstream and the downstream fronts of
the droplet for diﬀerent values of wettability gradient are illustrated in Fig. 6.19. It is to be
noted that the droplet is initialized with its center placed at the junction between zone on
the constant wettability and wettability gradient. It is observed that the temporal evolutions













Figure 6.19: Time evolution of the liquid droplet fronts on the upstream and downstream sides
of the wettability gradient for diﬀerent values of wettability gradient (ω˜). Solid symbols �, △
and ◦ represent the values of wettability gradient ω˜ = 1.5, 1.166 and 0.833 respectively. Solid
and hollow symbols represent the downstream and upstream fronts of the droplet respectively:
θ1 = 140◦.
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of the downstream fronts increases with increase in the wettability gradient. The upstream
fronts however remain independent of the wettability gradient as it rest on the zone of constant
wettability with contact angle θ1, which spans upto X = 1.22. The inﬂuence of wettability
gradient on the upstream front can be seen towards the later stages of the impact process, after
T ∗ = 10.0. Figure 6.20 depicts the time evolution of the location of the droplet center of mass
Xcm for varying wettability gradients. It is observed that by increasing the wettability gradient,
the position of the droplet center-of-mass increases monotonically. The increase in the position
of Xcm results due to the increase in the transfer of the vertical momentum into the horizontal
momentum of the impinging droplet. When a substrate is subjected to a wettability gradient,
there is a driving force exerted by the solid surface onto the droplet liquid. This force is due











Figure 6.20: Time evolution of the position of X center of mass of the droplet for diﬀerent
values of wettability gradient (ω˜): θ1 = 140◦ .
to the variation in the interfacial tensions along the three phase contact line, which creates
an imbalance in the contact angles in the front and rear end of the droplet. This imbalance
in the local contact angles results in a driving force to act along the direction of increasing
wettability. This horizontal driving force leads to the transfer of the vertical momentum of the
impacting droplet in the horizontal direction. A higher value of wettability gradient results
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in greater degree of secondary spreading of the leading droplet front, hence greater transfer of
vertical momentum of the impinging droplet. The droplet lifts oﬀ the substrate in the tangential
direction for ω˜ = 0.5 which can be observed from the variation of Xcm.
Figure 6.21 shows the temporal evolution of the droplet spread factor and the droplet height.
The complete sequence of the impact behavior can be observed from Fig. 6.21(a). After the
kinematic phase of the inertial spreading, a decreasing trend in the spread factor D∗ is observed
due to the recoiling of the upstream end of the droplet. The intensity of recoiling depends on




























Figure 6.21: Time evolution of (a) spread factor and (b) height of the droplet for diﬀerent values
of wettability gradient (ω˜): θ1 = 140◦.
the wettability gradient. Following this recoiling phase, the secondary spreading is observed
which results in increasing value of D∗. While we observe a gradual increase in contact diameter
due to wettability gradient, a sharp increase in the contact width was noted by Randive et
al. [142] termed as a transition region. As mentioned earlier, this behavior can be attributed
to the linear variation of the contact angle in the present study while a sharp change in the
surface contact angle is observed in [142]. For ω˜ = 0.5, the spread factor decreases to zero as
the droplet rebounds oﬀ the substrate. Similarly, with increase in the wettability gradient, the
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droplet covers a larger contact area which leads to lowering of the droplet height.
6.3 Eﬀect of receding contact angle
Figure 6.22 shows a schematic for the impingement of the droplet onto a ﬂat solid surface. The
angle of impact (α), is the angle made by the impact velocity vector, of magnitude Uo, with
the normal. Periodic boundary conditions are imposed on the sides of the domain, while the
equilibrium bounce back boundary conditions [119] are used on the top and bottom boundaries
to impose no-slip boundary conditions. The computational domain size for the normal impinge-
ment case is set to be 141×141×101 lattice units, while for the oblique impact cases a domain







Figure 6.22: Schematic of a droplet impinging onto a solid wall with an angle of impact α to
the normal.
pacting onto a ﬂat substrate depends not only on its Weber number and Reynolds number, but
also on the wettability of the substrate. Depending on the wettability of the surface, the droplet
may rebound or deposit on the substrate. The role of surface wettability, which is characterized
by the advancing and receding contact angles [51], governs the diﬀerent stages of the impact
process. During the initial stages of the impact process, the droplet impinges the substrate
and spreads to its maximum length. This stage is dominated by the inertia of the impacting
droplet. However during its recoiling phase, the role of surface wettability, more speciﬁcally the
receding contact angle inﬂuences the motion of the moving contact line, resulting in diﬀerent
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physical outcome. We next investigate the eﬀect of θR on the normal and oblique conditions for
impinging droplet.
6.3.1 Normal droplet impact onto a solid substrate
Due to the importance of the receding contact angle in governing the recoiling behaviour of
the impacting droplet [52], we investigate its eﬀect on the interaction of droplet with the solid
surface. The advancing contact angle θA is set to be 140◦ for the subsequent calculations.
Figure 6.23 (left) illustrates the time sequence of the impact process for θR = 90◦. It is apparent
from the ﬁgure that as soon as the droplet impacts the substrate, a circular rim is formed along
the periphery of the spreading droplet (T ∗ = 0.4). The spreading lamella grows thinner while
ﬂuid is accumulated in the outer rims which grows thicker (T ∗ = 1.6). During this spreading
process the kinetic energy of the impacting droplet is converted into the surface energy and
viscous dissipation. Owing to the Reynolds number (Re = 600) considered in this case, most of
the kinetic energy is converted into the surface energy. Upon spreading to its maximum spread
factor, the recoiling phase of the droplet begins. The onset of recoiling phase however does not
occur immediately at the end of the spreading stage. This is due to the contact angle hysteresis,
during which the contact line remains pinned to the surface as contact angle decreases. Once the
contact angle subtended by the pinned interface equals the receding contact angle, the contact
line moves. During this time in which the contact line is pinned to the surface, the interfacial
energy of the droplet allows the ﬂuids inside to propagate towards the axis of symmetry. This
upward motion of the bulk ﬂuid along the axial direction with the contact line of the droplet
maintained at receding contact angle θR = 90◦, forms a cone shaped droplet as seen at T ∗ =
4.0. The droplet ﬁnally attains its equilibrium shape after some oscillations which are damped
by viscous forces. Figures 6.23 (center) and 6.23 (right) depict the temporal evolution of the
impact process for receding angles θR = 120◦ and 135◦, respectively. The spreading phase for
both of these cases resembles the spreading stage with θR = 90◦. However there are signiﬁcant
diﬀerences in the recoiling phase of the impact for the three cases shown. The shape of the
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T∗ = 1.6 T∗ = 1.6 T∗ = 1.6
T∗ = 4.0 T∗ = 4.0 T∗ = 4.0
T∗ = 5.2 T∗ = 6.0 T∗ = 6.0
T∗ = 7.2 T∗ = 8.0 T∗ = 8.0
T∗ = 10.0 T∗ = 10.0 T∗ = 10.0
Figure 6.23: Temporal evolution of droplet impacting for diﬀerent receding angles (θR): θR =
90◦ (left side), θR = 120◦ (center) and θR = 135◦ (right side).
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droplet during its recoiling phase depends on the receding contact angle (θR), which determines
droplet-wall attraction and hence, the contact area covered during the recoiling phase. A higher
contact area would oﬀer greater viscous resistance to recoiling droplet ﬂuid. For θR = 120◦,
it can observed that the drop continues to rise upwards to reach its maximum height, pauses
for a while and then advances to spread with advancing contact angle (θA), eventually reaching
a steady state. When the receding angle (θR) is 135◦, we observe rebounding of the droplet.
Owing to the small contact angle hysteresis window, the pinning time of the contact line is
not suﬃcient enough to arrest the moving interface. Therefore most of the interfacial energy of
the droplet after its maximum spreading is converted into the kinetic energy. The contact area
of the droplet during its recoiling phase continues to reduce and the droplet lifts oﬀ the solid
substrate.
Figure 6.24: Interface proﬁles viewed along the Y-Z plane at diﬀerent time instants (T ∗): 0.8
(—–), 1.2 (—–), 1.6 (—–), 2.0 (—–), 2.4 (—–) and 2.8 (—–). Solid and dashed lines indicate
θR = 90◦ and θR = 130◦ respectively.
To further understand the role of receding contact angle on the behavior of impinging droplet,
Fig. 6.24 illustrates the interface proﬁles near the three phase contact line at diﬀerent time
instants. The interface proﬁles are obtained along the symmetric y − z plane with solid lines
corresponding to θR = 90◦ while dashed lines correspond to θR = 130◦. In the initial period
of impact, the interface proﬁles are coincident as observed at T ∗ = 0.8 and 1.2. During this
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phase the interface proceeds along the substrate with an advancing contact angle θA = 140◦.
Once the droplet reaches its maximum spread, the contact line remains pinned to the substrate.
The time during which the droplet stays in this state of maximum spreading depends on the
contact angle hysteresis, the diﬀerence in the values of advancing and receding contact angles.
This observation is conﬁrmed from Fig. 6.25 which shows the maximum spreading time of the










Figure 6.25: Maximum spreading time of the droplet for diﬀerent receding contact angles:
θA = 140◦.
droplet for diﬀerent receding contact angles. As the receding contact angle (θR) increases, the
interface takes lesser time to detach from the substrate. The interface proﬁles in Fig. 6.24 at
time instants after T ∗ = 1.6 are consistent with this observation. For θR = 90◦, it takes longer
time for the interface to reduce its contact angle from 140◦ to 90◦ compared to θR = 130◦. Hence
the blue dashed line, corresponding to T ∗ = 1.6, moves along the substrate while the solid blue
line remains pinned to the substrate.
Figure 6.26 depicts the temporal evolution of the spread factor (D∗) and the droplet height
for diﬀerent receding contact angles (θR). The droplet spread factor decreases as the receding
contact angle increases. For θR = 90◦ and 120◦, we notice that the spread factor attains a
steady value soon after its recoiling phase. This steady value in spread factor can be attributed
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Figure 6.26: Time evolution of (a) spread factor and (b) height of the droplet for diﬀerent
receding contact angles: θA = 140◦.
to the fact that the contact angle (θ) subtended by the droplet during this period is within
its hysteresis window (θR ≤ θ ≤ θA). Hence, the contact line remains pinned to the substrate
resulting in a constant value of spread factor. The spread factor for the case with θR = 120◦
follows a similar trend, however, at the later stages of impact we observe a small rise in spread
factor. After reaching its maximum height, the droplet begins to relax towards its equilibrium
shape. The contact angle subtended by the spreading droplet continues to change and attains
the value of advancing contact angle which leads to the movement of the contact line. The spread
factors for θR = 130◦ and 135◦ converge to zero values as the droplet rebounds oﬀ the substrate.
Consistent with the variation in the spread factor, the height of droplet is independent of the
value of receding contact angles during the inertial stage of the impact process. Droplet height
is found to increases with increase in the value of θR.
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6.3.2 Oblique droplet impact onto a solid substrate
We next focus on the eﬀect of receding contact angle (θR) on the behavior of a droplet impacting
obliquely onto a substrate. The angle of impingement (α) is shown in Fig. 6.22. Figure 6.27
illustrates the time sequence of a droplet impinging at α = 30◦ for diﬀerent receding contact
angles θR = 90◦ (left side), 120◦ (center) and 135◦ (right side). The presence of a tangential
velocity component with the impinging droplet leads to asymmetric droplet spreading creating
a bulge at the leading edge. To elucidate the kinetics of the impacting droplet for diﬀerent
receding contact angles, position of the contact points on the upstream and downstream sides
at diﬀerent time steps is shown in Fig. 6.28 for (a) α = 30◦ and (b) α = 60◦. Due to the
tangential velocity component, the initial spreading of the droplet along the downstream side
is prolonged compared to the upstream side of the droplet, as observed in Fig. 6.28 (a). For
most part of the impact process, the downstream side of the droplet spreads in a similar way
for all the receding contact angles considered. During the recoiling phase of the droplet, it is
observed that the upstream side of the droplet recedes much faster compared to its downstream
side. As the receding contact angle increases, it is shown that the droplet recedes relatively
faster. This is attributed to the small contact angle hysteresis window for the higher receding
contact angles, while the advancing contact angle is identical. For θR = 90◦, it is observed that
after a small elongation of the droplet bulge in the downstream direction, the contact line gets
pinned to the substrate. This leads to the droplet recoiling in the upstream direction (T ∗ =
12.0). The impact behavior of the droplet for θR = 120◦ is similar to that observed for θR =
90◦. However, unlike the upstream recoiling observed for θR = 90◦, we observe a small amount
of secondary spreading of the downstream contact line. The secondary spreading results due
to intense recoiling of the upstream end of the droplet for θR = 120◦, which results in the
forward movement of the downstream end of the droplet. As θR is further increased to 135◦,
the receding speed of the upstream contact line of the droplet increases. The substrate contact
line eventually converges, which results in the rebound of the oblique droplet impingement. As
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T∗ = 2.0 T∗ = 2.0 T∗ = 2.8
T∗ = 3.6 T∗ = 4.0 T∗ = 4.4
T∗ = 5.2 T∗ = 6.0 T∗ = 7.2
T∗ = 7.2 T∗ = 8.0 T∗ = 10.0
T∗ = 12.0 T∗ = 12.0 T∗ = 14.0
Figure 6.27: Temporal evolution of droplet impacting at α = 30◦ for diﬀerent receding angles
(θR): θR = 90◦ (left side), θR = 120◦ (center) and θR = 135◦ (right side).
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Figure 6.28: Time evolution of the liquid droplet fronts on the upstream and downstream sides
of the droplet for diﬀerent values of receding contact angle (θR). Symbols �, △ and ◦ represent
the values of receding contact angle θR = 90◦, 120◦ and 135◦ respectively. Solid and hollow
symbols represent the downstream and upstream fronts of the droplet respectively: θA = 140◦.
we increase the angle of impingement (α), the intense deformations of the impacting droplet
are observed. Figure 6.29 illustrates the temporal evolution of the impacting droplet at α
= 60◦ for diﬀerent receding contact angles. After the initial spreading, the droplet begins to
recoil momentarily, as observed from the location of the downstream contact point (Xd) in
Fig. 6.28(b). Increase in the tangential velocity component results in intense elongation of
the leading droplet bulge at the downstream end. As a result, we observe a gradual rise in
Xd. During this stage of the impact process, the droplet can be classiﬁed in two distinct zones
based on its deformation. A small leading bulging part of the droplet (droplet nose) and a
long trailing end of the droplet. The interaction of these two regions depends strongly on the
receding contact angle. As the droplet nose elongates and reaches its maximum extension, the
inertial eﬀects subside while surface tension eﬀects begin to dominate the leading end of the
droplet. This results in recoiling of the droplet nose. The rate at which the trailing side of the
droplet (Xu) retracts depends on the value of θR as observed in Fig 6.28(b). For θR = 90◦,
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T∗ = 1.6 T∗ = 1.6 T∗ = 1.6
T∗ = 5.6 T∗ = 5.6 T∗ = 5.6
T∗ = 9.2 T∗ = 9.2 T∗ = 9.2
T∗ = 11.6 T∗ = 11.6 T∗ = 11.6
T∗ = 15.6 T∗ = 15.6 T∗ = 15.6
Figure 6.29: Temporal evolution of droplet impacting at α = 60◦ for diﬀerent receding angles
(θR): θR = 90◦ (left side), θR = 120◦ (center) and θR = 135◦ (right side).
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the slow retracting upstream end of the droplet encounters the recoiling downstream part of
the droplet. The upstream recoiling can be observed in Fig. 6.28(b) as Xd decreases at the
later stages of the impact process. As θR increases, the momentum of the retracting droplet
ﬂuid in the upstream part is high enough to encounter the recoiling downstream part. As a




















(b) α = 60◦
Figure 6.30: The velocity ﬁeld within an xz-plane at y = Ly/2 during the spreading of a droplet
on a substrate with θR = 90◦ for (a) α = 30◦ and (b) α = 60◦ at T∗ = 5.6.
shows the velocity ﬁeld inside the droplet along the x-z plane at T∗ = 5.6 and θR = 90◦. This
plane is the symmetrical plane where y = 71. The velocity vectors are colored based on the
velocity magnitude in lattice units. For α = 30◦, we observe that the recoiling velocity ﬁeld
near the leading end which counteracts the retracting downstream part of the droplet, resulting
in upstream recoiling. Satisfaction of the no-slip boundary condition can be noted from the
velocity ﬁeld near the droplet base. The inﬂuence of higher angle of impact (α) can be observed
from the velocity ﬁeld shown in Fig. 6.30 (b), where α = 60◦. Unlike Fig. 6.30 (a), the eﬀect
of higher tangential velocity component leads to greater droplet elongation. The movement of
the bulk ﬂuid near the droplet base is slower due to the resistance oﬀered by the substrate.
However, the droplet ﬂuid in the upper region of the droplet moves at a higher speed due to the
increased tangential velocity component obtained at higher impinging angles (α). The region of
low moving droplet ﬂuid increases along the downstream side as surface tension forces begin to
arrest the elongation of the droplet nose. Figure 6.31 shows the velocity ﬁeld inside the droplet
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(b) θR = 135◦
Figure 6.31: The velocity ﬁeld within an xz-plane at y = Ly/2 during the spreading of a droplet
on a substrate with α = 30◦ for (a) θR = 90◦ and (b) θR = 135◦ at T∗ = 10.8.
for diﬀerent receding contact angles (θR) for the same angle of impingement (α = 30◦) at T∗ =
10.8. The droplet attains a steady equilibrium state for θR = 90◦ as observed from the velocity
ﬁeld in Fig. 6.31 (a). The velocity ﬁeld shown in Fig. 6.31 (b) correspond to θR = 135◦. The
velocity ﬁeld near the droplet base depicts the onset of droplet rebound from the substrate.
Figures 6.32 and 6.33 show the temporal evolution of the contact area of the footprint
and the height of the droplet for diﬀerent receding contact angles (θR) at (a) α = 30◦ and (b)
α = 60◦. The contact area of the droplet footprint decreases as θR is increased. However a
reversal in this trend is observed for the temporal evolution of droplet height due to the volume
conservation. As the normal component of impact velocity decreases with an increase in impact
angle (α), we observe that the droplet height reduces as α is increased. As discussed previously,
the upstream end of the droplet retracts more vigorously with increase in receding contact (θR).
Pinning of the contact line is observed for θR = 90◦. Hence, the time evolution of the X center of
mass (Xm) increases with increasing θR as shown in Fig. 6.34. Also with increase in the impact
angle, there is a greater momentum of the droplet along the tangential direction which leads to
higher values of Xm.
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(a) α = 30◦













(b) α = 60◦
Figure 6.32: Area of the droplet footprint as a function time for (a) α = 30◦ and (b) α = 60◦
for diﬀerent receding contact angles: θA = 140◦.














(a) α = 30◦













(b) α = 60◦
Figure 6.33: Height of the droplet as a function time for (a) α = 30◦ and (b) α = 60◦ for
diﬀerent receding contact angles: θA = 140◦.
160
6.4. SUMMARY










(a) α = 30◦













(b) α = 60◦
Figure 6.34: Time evolution of the X center of mass of the droplet for (a) α = 30◦ and (b)
α = 60◦ for diﬀerent receding contact angles: θA = 140◦.
6.4 Summary
In this chapter we investigated the role of physical and physiochemical modulations of the im-
pacting surface to inhibit droplet rebound. We covered a method to suppress drop rebound
via wall oscillations along the direction normal to the direction of impact. The wave nature of
the oscillating surface was found to play a signiﬁcant role on the impact behavior and rebound
suppression. Of the various tested waveforms in the current study, we found that the square
waveform promotes greater drop rebound suppression. Numerical experiments demonstrated the
dominant eﬀect of oscillation amplitude and frequency in inhibiting droplet rebound. Droplet
rebound suppression was found to be favored by high oscillation amplitudes and low frequen-
cies. For a given range on oscillation amplitudes and frequencies, a phase diagram has been
constructed which reports the impact outcome. Low frequency oscillations coupled with high
amplitudes result in the lateral shifting of the droplet from its impact position. The interplay of
the inertial time scale and the oscillation time period played a pivotal role in lateral shifting. It
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should be noted at this point that square waveforms are not practical to implement. However,
the idea that wall oscillation break the uprising symmetry is the important idea presented in
this chapter. Diﬀerent waveforms can be used which would only alter the magnitude oscillation
amplitude and frequency.
For physiochemical alterations, it was found that the receding contact angle has a signiﬁcant
role on the recoiling behavior of the impacting droplet. Impact of droplet onto substrates with
constant wettability gradient, exhibited an inchworm type of motion for the high values of
wettability gradient. This type of motion was characterized by intense recoiling of the upstream
end of the droplet followed by the secondary spreading of the downstream end. Variation in the
wettability of the substrate resulted in transfer of the vertical momentum of the droplet in the
horizontal direction. For the cases with normal impact, it was observed that as the receding
contact angle increases, the ﬁnal outcome of droplet impact behavior changed from deposition
to rebound. Pinning of the droplet contact line, which depends on the contact angle hysteresis
window, played a pivotal role to inﬂuence the ﬁnal outcome of the droplet-surface interaction.
Oblique droplet impact resulted in large droplet deformations. These deformations in droplet
shape were intensiﬁed with increase in impact angle owing to the increase in the tangential
velocity component. It was found that the recoiling velocities of the upstream contact line
of the droplet increased with increasing receding contact angle. Hence, for the lower values
receding contact angle, an upstream recoiling phase was observed while the secondary spreading
was noticed at higher receding contact angles.
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Chapter 7
Electrowetting-induced jumping and transport of
droplet1
The solid-liquid surface tension (σsl) could be altered by variations or inhomogeneities in the
wetting characteristics of the surface. Variations in surface tension properties due to these ef-
fects were considered to control drop rebound as discussed in the previous chapter. The surface
tension (σsl) does not only depend on the chemical properties of the surface but can also depend
on external ﬁelds. One of the external mechanisms to adjust the wetting characteristics is elec-
trowetting. Electrowetting has been widely used to manipulate droplets leading to coalescence,
splitting and horizontal movement. Unlike the previous chapter wherein the rebounding motion
of the droplet was controlled, we investigate the dynamics of a sessile drop jumping oﬀ a solid
surface in this chapter. This drop lift-oﬀ and transport from a solid substrate is accomplished
through electrowetting.
The objectives of this chapter are threefold: Firstly, we attempt to analyze the governing
ﬂuid dynamical aspects involved during electrowetting-induced droplet jumping. The present
numerical simulations provide details of the dynamic ﬂow ﬁeld and various transient energy
conversions which would help to elucidate the mechanism of droplet jumping. In order to
1Parts of this chapter have been published as ”K. A. Raman, R. K. Jaiman, T. S. Lee
and H. T. Low, A numerical study on electrowetting-induced jumping and transport of droplet,
International Journal of Heat and Mass transfer, 99: 805-821, 2016.”
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optimize the design and eﬃciency of several microﬂuidic applications which involve droplet
detachment and transport, it is imperative to have a basic understanding of the involved ﬂow
physics. During electrowetting actuation, the dynamics of the droplet motion is predominantly
governed by the evolution of the moving contact line. The kinetics of the moving contact line
in turn depends on the ﬂuctuations of the voltage which govern the surface contact angle. In
this work, we examine the inﬂuence of the nature voltage ﬂuctuations (pulse characteristics) and
resulting kinematic mechanisms of the moving contact line leading to diﬀerent dynamical droplet
behavior. In this context, we evaluate the eﬀect of various parameters like the nature of the
actuating pulse and electrowetting number on the jumping dynamics of the droplet. Secondly,
in several cases, it is required to transport droplet when the surrounding medium is not air.
While the role of the ambient ﬂuid density may not be prominent prior to jumping, it has a
signiﬁcant eﬀect on droplet dynamics once it lifts-oﬀ the surface [143]. Hence, it is crucial to
understand the role of the properties of the ambient environment on the dynamic evolution of
the jumping droplet. The current work illustrates the eﬀect of gas density and viscosity on the
jumping process. Finally, we demonstrate the applicability of electrowetting induced droplet
jumping method as an eﬀective tool for droplet transport relevant in microﬂuidic applications.
The remainder of this chapter is structured as follows: Section 7.1 brieﬂy describes the the-
ory of electrowetting. Section 7.2 provides the problem speciﬁcation and involved characteristic
parameters. The discussion of the numerical results is provided in Section 7.3. Section 7.4 de-
scribes the regime classiﬁcation of EW actuated droplet jumping. In Section 7.5 we demonstrate
the applicability on EW-induced droplet jumping for droplet transport and mixing. Finally, we
provide a summary in Section 7.6.
7.1 Theory of electrowetting
When a drop is placed in contact with a solid surface, it drives towards its equilibrium position
by capillary forces. The three phase contact line is balanced by the surface tension forces
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between pairs of phases forming an equilibrium shape characterized by the contact angle. This




where σ, σsg and σsl are the liquid-gas, solid-gas and solid-liquid surface tensions, respectively.
Lippmann′s original experiment dealt with direct metal and electrolyte interface [144]. However,
in such situations, electowetting based droplet actuation was applicable for very low voltages.
Increase in voltage would lead to the onset of electrolytic process. In current systems employ-
ing electrowetting for droplet control, the solid substrate is provided with a layer of dielectric
material over which the droplet is placed. This is more commonly known as electrowetting on
dielectric (EWOD) [80]. The presence of an insulating dielectric layer greatly reduces the ca-
pacitance of the system. When the electric potential is applied, formation of a layer of charged
ions on the dielectric surface and subsequently a layer of oppositely charged ions in the liquid
close to the surface occurs. This fringing ﬁeld at the corners of the electrolyte droplet tends
to pull the droplet closer to the substrate and thereby reduces the contact angle. From a ther-
modynamic point of view, the Gibbs free energy of a system is minimum energy requirement
to create a certain area of that surface which consists of chemical and electrical eﬀects. The
chemical component accounts for the natural surface tension of the solid-liquid interface without
electric ﬁeld. The relationship between the equilibrium static contact angle in an electrowetting
system and applied voltage V is expressed as




where θLY is the Lippmann-Young equilibrium contact angle, de is the thickness of the dielectric
layer, ǫr is the relative dielectric constant of the material and ǫo is the dielectric constant of
vacuum. The second term on the right-hand-side of the equation is known as the dimensionless
electrowetting number (η), which is deﬁned as the ratio of the strength of electrostatic energy
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to surface energy. This number (η) is always positive due to the voltage-squared term, hence
electrowetting always decreases the Lippmann-Young contact angle from the equilibrium contact
angle.
After providing a brief review on electrowetting theory, we next proceed to outline the char-
acteristic parameters governing the droplet jumping process under electrowetting, which is the
main subject of the present study. We quantify diﬀerent characteristic parameters of the elec-
tric pulse and the relevant scales for normalization followed by the details of the computational
setup.
7.2 Characteristic parameters and computational setup
A spherical droplet with diameter Do is initialized on a solid surface such that the three phase
contact line makes an angle θY = 140◦ with the surface. The liquid-gas density ratio (ρr) and the
viscosity ratio (µr) are set to be 1000 and 50, respectively for subsequent calculations. However,
the eﬀect of viscosity ratio on the impact dynamics is considered later in the subsection where
inﬂuence of drop viscosity is investigated. All length scales are non-dimensionalized by the
droplet diameter (Do). The time and droplet velocity are non-dimensionalized with capillary










During the wettability-induced jumping process, the surface energy of the drop is converted
into kinetic energy and viscous dissipation. In order to investigate the transient energy variations
involved during the jumping process, we monitor them in the current study. The surface energy
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where Eo = β(ρ− ρsatv )2(ρ− ρsatl )2.










































Figure 7.1: Schematic representation for electrowetting induced droplet transport.
wettability of the lower wall is controlled by electrowetting. When the voltage is applied, the
contact angle decreases due to the reduction in interfacial surface tension. Periodic boundary
conditions are imposed on the sides of the domain, while the equilibrium bounce back boundary
conditions [48] are used on the top and bottom boundaries to impose the no-slip boundary
conditions. It is to be noted that in the present work, we consider a constant contact angle
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model. A more realistic modeling approach would be to employ dynamic contact angle models
[50, 145], which however is not the focus of the current study. While analyzing the dynamics of
droplet jumping through electrowetting, we examine the following two key derived parameters:
(i) The contact diameter (Dc) which is deﬁned as the distance between the two three phase
contact points on the bottom wall extracted from the mid y-plane.








where Ω encloses the region where the density (ρ) is greater than ρ∗ which corresponds to
the mean density. Along with the above mentioned parameters, we also monitor the transient
Do (in lattice units) 50 75 100
U∗Zmax 0.565 0.579 0.583
Relative error 3.08 % 0.68 % −−−
Table 7.1: Numerical convergence for various droplet radii with Oh = 0.0179, ρr = 1000, µr =
50 and θLY = 60◦.
energy variations as deﬁned previously. We perform grid independence test by comparing the
maximum vertical velocity of the droplet (U∗zmax) for Oh = 0.0179. All the side boundaries of the
computational domain are considered to be periodic while the top and the bottom boundaries
are assigned as wall boundaries. The contact angle of the top boundary is ﬁxed at θ = 90◦.
The value of θ is varied based on the electrowetting conditions. Table 7.1 shows U∗zmax for
three diﬀerent grid resolutions. A variation of less that 1 % in U∗zmax is observed for Do = 75.
Based on the grid independence test, the droplet diameter was set to be 75 lattice units for the
simulations preformed in this study hereafter. A computational domain of 2Do×2Do×1.8Do was
considered for all subsequent sections, unless otherwise mentioned. In general, the ﬁeld forces
resulting from Maxwell equations must be coupled with the momentum equations of ﬂuid ﬂow.
These forces are not taken into account in this study as we do not consider nanodrops.
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7.3 Results and discussion
We now proceed to investigate the eﬀect of diﬀerent parameters like pulse characteristics, elec-
trowetting number, drop viscosity and properties of the ambient ﬂuid on the dynamics of the
droplet lift-oﬀ. Finally, the application of electrowetting based droplet actuation employed in
microﬂuidic applications involving droplet transport and mixing will be demonstrated.
7.3.1 Inﬂuence of pulse characteristics




















Figure 7.2: Temporal evolution of imposed contact angle with square waveforms for (a) single
pulse and (b) double pulse actuations.
In contrast to some of the previous studies using sinusoidal or trapezoidal waveforms [146]
for electrowetting actuation, we have considered square waveforms in the current study. Square
pulse actuation has been found to be more eﬀective and controllable for droplet lift-oﬀ [82].
Figure 7.2 illustrates the imposed square waveforms for (a) single pulse and (b) double pulse
actuations, respectively. We assume that the voltage is applied at T∗ = 0. As the voltage is
turned on, the contact angle of the lower wall is set to be θLY . The interval during which the
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voltage is applied is known as pulse width (TP ). Once the voltage is turned oﬀ, the surface
contact angle is set back to its initial value of θY . When DC EW actuation is considered, there
is a constant application of voltage to the conducting substrate. The droplet spreads and recoils
to attain a conﬁguration corresponding to the Lippmann-Young contact angle for the given
voltage. However, for AC EW actuation, the voltage is applied for a given pulse width and
then switched oﬀ. During this interval, the droplet is either in its spreading or receding phase.
Double pulse actuation implies the application of two successive AC pulses within a gap of the
corresponding pulse width between them.
7.3.1.1 AC versus DC electrowetting actuation
The nature of EW actuation determines the spreading and jumping behaviour of a droplet
subjected to electrowetting (EW). We investigate the dynamics of droplet detachment by both
DC and AC EW actuations. Figure 7.3 depicts the time evolution of the droplet detachment
process for both (a) DC and (b) AC EW actuation situations. A square pulse with TP =
2.22, which corresponds to the time taken by the droplet to spread to its maximum extent is
considered for AC EW actuation. For DC EW actuation, the droplet attains its equilibrium
shape corresponding to θLY = 60◦, after which the voltage is turned oﬀ and the contact angle
is changed to θY = 140◦. As the surface contact angle changes to θ = 140◦, the droplet contact
width begins to decrease sharply adjusting to the corresponding local curvature. With continues
decrease in base radius, an inversion in droplet morphology is noticed from a broad base-narrow
top conﬁguration (T∗ = 8.44) to a narrow base-broad top system (T∗ = 10.59) resulting due to
mass conservation. Gradual decrease in the base radius leads to droplet detachment from the
substrate (T∗ = 12.58). The time evolution of the events resulting to droplet detachment from
the surface under AC EW actuation are similar to that of those observed for DC EW actuation.
The notable diﬀerence between the considered two cases is observed from the interface proﬁles
of the droplet at the instant when the surface contact angle is changed to θY . In contrast to
the case for the DC EW actuation, the droplet has attained its maximum spread resembling a
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(a) (b)
Figure 7.3: Time evolution of the droplet lift-oﬀ process for (a) DC EW actuation and (b) AC
EW actuation with θLY = 60◦. 171
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thin pancake like structure as shown at T∗ = 2.31. The droplet shape undergoes larger vertical
elongation when compared to the corresponding droplet shapes under DC EW actuation. The
last snapshots in Figs. 7.3 (a) and (b) illustrate the interface proﬁles at ΔT∗ = 4.47 and 4.24
( ΔT∗ = T∗ - TP ), respectively. It is shown that the droplet in Fig. 7.3 (b) lifts oﬀ to a
greater height than that in Fig. 7.3(a). This emphasizes the presence of higher kinetic energy
for droplets detaching due to the AC EW actuation.
To elucidate the kinetics of the above depicted droplet detachment behavior, we investigate
the temporal evolution of the base diameter (DC) shown in Fig. 7.4. Figures 7.4(a) and (b)
illustrate the evolution of DC during spreading and recoiling phases, respectively. When DC






























Figure 7.4: Temporal evolution of droplet contact diameter for DC and AC electro-wetting
actuation: θLY = 60◦.
EW actuation is considered, the base diameter DC increases initially as it reaches its maximum
spread. It the undergoes recoiling during which DC decreases. Eventually, it attains a steady
value corresponding to θLY . The evolution of DC during the spreading phase indicates a steady
increase in its value. When the surface contact angle is changed to θY at T∗ = TP , the droplet
begins to recede leading to decreasing DC . We observe earlier droplet detachment for the AC
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EW actuation. This diﬀerence in droplet jumping behavior can be explained by the surface
energy stored inside the droplet system at T∗ = TP . When the droplet behavior is observed
under the DC EW actuation, after attaining its maximum spread it undergoes recoiling, during
which some amount of the surface energy is converted into the kinetic energy of the recoiling
droplet. This can be noticed from the evolution of UZ , as shown in Fig. 7.5. After ΔT∗ = -6.0,
we observe a gradual decrease in UZ before it eventually becomes zero as the droplet attains its
equilibrium conﬁguration at T∗ = TP . The surface energy stored inside the droplet corresponds
















Figure 7.5: Time evolution of Z-component of drop velocity for DC and AC electro-wetting
actuation: θLY = 60◦.
to its equilibrium shape. However, at T∗ =TP the droplet undergoing the AC EW actuation is
stretched to its maximum spread, resulting in higher storage of surface energy inside the droplet
system. As the contact angle changes at T∗ = TP , the droplet system begins to minimize its it
free energy. The stored surface energy is converted into the kinetic energy resulting in increase
in UZ . The droplet undergoing the AC EW actuation has higher maximum UZ value due to
increased conversion of the stored surface energy into kinetic energy. The observations indicate
that under AC EW actuation, the droplet acquires greater jumping velocities as compared to
the DC EW actuation. Hence, it would be viable to employ the AC EW based jumping for
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droplet transport in microﬂuidic applications.
7.3.1.2 Inﬂuence of pulse width
The duration of the applied voltage is determined by the pulse width (TP ), which in turn governs
the spreading behavior of the droplet. Hence, it is important to investigate the role of TP on
the dynamics of droplet detachment. To investigate the inﬂuence of TP , we set θLY = 60◦ and
deﬁne a parameter TPr = (TP/TP60◦), where TP60◦ is the time taken for the droplet to spread
to its maximum extent for θLY = 60◦. Figure 7.6 (a) illustrates the temporal evolution of Dc for
three diﬀerent TPr. It shows that Dc increases with increase in TPr. For TPr = 0.5, the surface




























Figure 7.6: Time evolution of droplet (a) contact diameter and (b) Z-component of drop velocity
for diﬀerent pulse width (TPr): θLY = 60◦.
contact angle is changed before the droplet attains its maximum spread and subsequently its
lifts oﬀ the substrate earlier compared to the case with TPr = 1.5. The droplet attains its
maximum velocity in Z-direction for TPr = 1.0 as observed from Fig. 7.6 (b). Since for TPr =
1.0, the contact angle is changed to θY when the droplet is in its maximum spread, the surface
energy converted into the kinetic energy of the recoiling droplet is also higher. However, for TPr
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= 0.5 and 1.5, the contact angle is changed during the capillary spreading and receding phases,
respectively.
Figure 7.7 illustrates the velocity ﬁeld inside the droplet and the surrounding ﬂuid near




















(b) TPr = 1.5
Figure 7.7: Velocity ﬁeld inside the droplet for (a) TPr = 0.5 at T∗ = 1.32 and (b) TPr = 1.5
at T∗ = 3.44.
three phase contact line changes due to change in contact angle, we observe ﬂow circulation
near this region for both the cases as shown as in Fig. 7.7. However, the notable diﬀerences
in the velocity ﬁeld are observed in the upper region inside the droplet. For TPr = 0.5, we
observe the velocity vectors pointing radially downwards due to the inertia attained by the
droplet liquid during capillary spreading until T∗ = TP . The drag induced on the surrounding
ﬂuid by this downward moving droplet interface sets up a vortex near upper region. Due to the
opposing sense of movement of the interface near the contact line and the upper bulk region,
the corresponding vortex patterns move in anti-clockwise and clockwise directions, respectively.
The velocity vectors in the upper bulk region move in radially upward direction and have the
same sense of motion with the ﬂow ﬁeld near the contact region as observed in Fig. 7.7 (b).
However, the velocity magnitude near the contact region is higher compared to the velocity
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magnitude in the bulk region.
7.3.1.3 Double pulse actuation
We next investigate the inﬂuence of double pulse actuation on the dynamics of droplet detach-
ment. Two square pulses with a pulse width TP = 2.22 were triggered at equal intervals. Figure
7.8 illustrates the droplet detachment process at two diﬀerent time instants for (a) θLY = 40◦
(b) θLY = 60◦ and (c) θLY = 80◦. After T∗ = 4.44, the wettability of the surface changes to θLY
a-1 b-1 c-1
a-2 b-2 c-2
Figure 7.8: Time evolution images of EW process with double pulse actuation for (a) θLY =
40◦ (b) θLY = 60◦ and (c)θLY = 80◦ .
and the section of the droplet in contact with the surface begins to spread. However, as a result
of the actuation of the previous pulse, the bulk of the droplet recoils in the upward direction
owing to its inertia. This results in the formation of a neck region between the uprising droplet
bulk and the spreading contact region. This neck region is clearly observed for all the cases,
as shown in Fig. 7.8. However, the length of the neck is found to increase with decreasing
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θLY . As the contact region continues to spread and the bulk droplet continues to rise, the neck
region elongates and eventually breaks and forms a satellite droplet resting on the surface. This
volume of the satellite droplet increases with decrease in θLY as shown in the bottom row of
Fig. 7.8. This can be attributed to the increase in contact diameter at lower θLY which lead to
greater adhesion forces between the droplet and the solid substrate. The current results show
qualitative similarities with the experimental investigation conducted by Lee et al. [84]. They
observed the formation of satellite droplet when the droplet is actuated using the double square
pulse.
7.3.2 Role of applied voltage
Apart from the nature of actuating pulse, the behavior of the jumping droplet also depends on
the applied voltage. The extent to which the droplet spreads depends on the applied voltage,
which in turns governs the the Lippmann-Young contact angle (θLY ). We next investigate the
inﬂuence of θLY on the droplet jumping behavior. Figure 7.9 (a) presents the time evolution
of the contact diameter for diﬀerent θLY . The pulse width TP is ﬁxed to be 2.22 for all the
simulations considered in this subsection. We observe that the rate of evolution of Dc increases
as θLY decreases. After the contact angle changes to θY at T∗ = TP , a sharp decline in Dc
is noticed which eventually converges to zero as the droplet lifts oﬀ the surface. The present
numerical results do not indicate a general trend in the lift-oﬀ time with θLY . While the cases
with θLY = 40◦ and 100◦ lift oﬀ nearly at the same time, the cases considered with intermediate
θLY detach earlier. The lift-oﬀ time for the droplet for diﬀerent θLY depends on the interplay
between the surface energy stored in the stretched droplet and the magnitude of Dc at T
∗ =
TP . Since the droplet is stretched to a greater extent, it has higher surface energy stored inside
the droplet system for θLY = 40◦ when compared to the droplet with θLY = 100◦. Hence, the
droplet retracts faster due to its increased kinetic energy. Since it covers a larger contact area
unlike the slowly retracting droplet with θLY = 100◦, the lift-oﬀ time for both the cases is nearly
same. This behavior is indicated from the temporal evolution of UZ shown in Fig. 7.9 (b). We
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Figure 7.9: Time evolution of droplet (a) contact diameter and (b) Z-component of drop velocity
for diﬀerent θLY .
observe increase in UZ as θLY decreases due to a larger conversion of surface energy into the
kinetic energy of the droplet system.
Figure 7.10 shows the transient variation of (a) surface energy (E∗S) and (b) viscous dissi-
pation (E∗d) for diﬀerent θLY . As discussed above, for θLY = 40◦ the droplet undergoes large
deformation from its initial conﬁguration. This excess deformation results in sharp rise in E∗S
compared to the other two cases considered. The transient variation of E∗S also reveal the os-
cillations the drop undergoes after it lifts-oﬀ the surface. As the droplet morphology changes
from prolate to oblate shapes, we observe corresponding oscillations in E∗S as time proceeds.
These oscillations in surface energy are greater for lower θLY . Time variations of viscous dissi-
pation shows an increase in E∗D as θLY decreases. This observation can be attributed to the fact
that with increase in droplet deformation, the resistance oﬀered by the viscous stresses to the
deforming ﬂuid increases. For θLY = 40◦, the droplet undergoes sharp spreading and intense
recoiling. Hence, a sharp rise in E∗d is noticed before it eventually lifts oﬀ the surface.
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Figure 7.10: Time evolution of droplet (a) surface energy (E∗S) and (b) viscous dissipation (E
∗
d)
for diﬀerent θLY .
7.3.3 Role of drop viscosity
The mobility of the droplet during its spreading and receding phases is hindered by viscous
forces. Hence, it will be interesting to investigate the eﬀect of viscosity on the jumping behavior
of the droplet subjected to electrowetting. With increase in Ohnesorge number, viscous eﬀects
begin to dominate the dynamics of droplet jumping. We perform numerical simulations for
Oh numbers ranging from 0.0179-0.179. Figure 7.11 illustrates the time resolved images of the
droplet behavior which corresponds to those shown in Fig. 7.3 (b), except that the Oh number
considered in this case is larger (Oh = 0.179). The ﬁgure clearly indicates the inﬂuence of
Figure 7.11: Time evolution images of EW process identical to those of Fig. 7.3 (b) except for
a larger Oh = 0.179.
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increased viscous eﬀects leading to suppression of droplet jumping in contrast to the inertia
dominated process shown in Fig. 7.3 (b). At T∗ = 0.99, the droplet has a cusp-like structure
on the top as the base continues to expand radially for Oh = 0.0179. This results due to the
upward propagation of the capillary wave as the droplet spreads across the surface. However,
increase in droplet viscosity leads to higher viscous damping resulting in a smooth droplet proﬁle
for Oh = 0.179. The droplet undergoes higher radial expansion before it begins to recede after
T∗ = TP for Oh = 0.0179 as observed from the corresponding images at T
∗ = 2.31. While the
droplet detaches and lifts oﬀ the surface in the last two snapshots shown in Fig. 7.3 (b), the
droplet recedes and undergoes secondary spreading for the corresponding time instants observed
in Fig. 7.11.
To further illustrate the eﬀects of viscosity the temporal evolution of instantaneous contact
diameter and drop velocity (UZ) are shown in Fig. 7.12. Before T
∗ = TP , we observe that both
























Figure 7.12: Time evolution of droplet (a) contact diameter and (b) Z-component of drop
velocity for diﬀerent Ohnesorge number (Oh): θLY = 60◦.
the rate of increase of Dc and the maximum contact diameter increases with decrease in Oh.
However, a reversal in this trend is observed as the droplet continues to recoil and Dc decreases.
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This can be explained by the increased viscous resistance to the movement of droplet liquid
during the spreading and receding stages with increase in Oh number. For the cases considered,
apart from the case with Oh = 0.179, we observe the phenomenon of droplet detachment. The
lift-oﬀ time is found to increase with increase in Oh. The delay in lift-oﬀ time and suppression
of droplet jumping can be attributed to decrease in surface energy stored inside the droplet at
T∗ = TP as Oh is increased. Similarly, the amount of surface energy, which is converted into
kinetic energy, lost due to viscous dissipation increases with increase in Oh. This results in
decrease in the evolution of UZ as observed from Fig. 7.12 (b).























Figure 7.13: Time evolution of droplet (a) surface energy (E∗S) and (b) viscous dissipation (E
∗
d)
for diﬀerent Ohnesorge numbers.
Figure 7.13 (a) illustrates the transient evolution of surface energy for diﬀerent Oh numbers.
With increase in Oh, the temporal evolution of E∗S decreases. Since increase in droplet viscosity
results in higher viscous resistance to the moving ﬂuid element which in turn impedes droplet
deformation. In contrast to the other two cases, the droplet with Oh = 0.0179 continues to
oscillate after it lifts oﬀ the surface. Figure 7.13 (b) further asserts the role of drop viscosity
resulting in increase in viscous dissipation with increasing Oh.
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7.3.4 Role of the properties of ambient ﬂuid
The role of the ambient ﬂuid on the behavior of the jumping drop becomes important after the
droplet detaches from the surface. Hence, it is important to understand the inﬂuence of the
properties of the surrounding gas on the droplet jumping dynamics. Mukherjee and Abraham
[17] investigated the inﬂuence of surrounding gas density and viscosity on the crown dynamics
of the splash formed when single droplet impacts a thin ﬁlm. They observed a delay in crown
breakup and decrease in rate of increase of crown radius and height with increase in surrounding
gas density. They attributed this to the eﬀect of increased drag imposed by the surrounding
medium on the crown. We ﬁrst investigate the inﬂuence of gas density (ρg) by varying the
density ratio, ρr = (ρl/ρg). The other parameters are kept ﬁxed as those considered for the
case shown in Fig. 7.3 (b). It is expected that at high gas densities, the inﬂuence of gas on
T∗ = 4.96 T∗ = 5.46 T∗ = 6.12 T∗ = 7.61
Figure 7.14: Time evolution images of EW process with diﬀerent gas densities for ρr = 20 (top
row), ρr = 100 (middle row) and ρr = 1000 (bottom row).
182
7.3. RESULTS AND DISCUSSION
the jumping behavior will be greater due to the increased eﬀect of drag on the droplet by the
surrounding medium. This is illustrated from the time evolution sequence of the droplet shapes
shown in Fig. 7.14 for ρr = 20 (top row) and ρr = 100 (bottom row). As the droplet begins
to recede and attain a spherical shape due to surface tension forces after T∗ = TP , the drag
induced on the droplet increases with increase in ρg. At T∗ = 4.96 we observe that while the
droplet is detached from the surface for ρr = 100, the droplet is still in contact with the surface
for ρr = 20. The droplet undergoes greater shape deformation for ρr = 100 compared to the
nearly spherical droplet shapes for ρr = 20 at T∗ = 5.46 and 6.12. It is also noticed that at
the same time instant the droplet jumps to a greater height when the surrounding ﬂuid is less
dense due to the lower resistance to the movement of the droplet as it penetrates a lesser dense
ambient ﬂuid.
Next let us consider the evolution of Dc and UZ . In Fig. 7.15 (a), the evolution of Dc
is compared for diﬀerent density ratios. It is observed that during the initial capillary driven



























Figure 7.15: Time evolution of droplet (a) contact diameter and (b) Z-component of drop
velocity for diﬀerent gas densities at θLY = 60◦.
spreading phase the evolution of Dc is fairly independent of the gas density ρg. As time proceeds,
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with decrease in ρr, i.e increase in the gas density, the rate of increase in Dc decreases. The
lift-oﬀ time is found to increase as ρr decreases. We notice that for ρr = 10 the droplet does
not detach from the surface and undergoes secondary spreading. The inﬂuence of ρg on Uz
is shown in Fig. 7.15 (b). The maximum Uz attained by the droplet increases with increase
in ρr which reiterates the inﬂuence of the drag induced by the denser surrounding ﬂuid on
the jumping droplet. To investigate the inﬂuence of ambient ﬂuid viscosity (µg), we present
simulation results for three diﬀerent viscosity ratio (µr): 15, 30 and 50. It is to be noted that
changing µr corresponds to changing τg while other simulation parameters are kept constant.
Figure 7.16 illustrates the inﬂuence of viscosity ratio on the temporal evolution droplet proﬁles.
T∗ = 3.64 T∗ = 4.63 T∗ = 5.62 T∗ = 7.11
Figure 7.16: Time evolution images of EW process for two representative viscosity ratios µr =
15 (top row) and µr = 30 (bottom row).
We observe that the droplet height for µr = 15 is nearly constant in the shown snapshots and
the variation is observed only in the bottom region of the droplet due to the receding motion of
the contact line. This elucidates the resistance oﬀered by the viscous forces of the ambient ﬂuid
on the recoiling droplet surface. However, for µr = 30, we observe that inertial forces attained
by the recoiling droplet as a result of the conversion of surface energy into kinetic energy is
large enough to overcome the resistance oﬀered by the ambient ﬂuid. Subsequently, this results
in droplet detachment and jumping. With increase in µr, the rate of evolution of Dc and UZ
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Figure 7.17: Time evolution of droplet (a) contact diameter and (b) Z-component of drop
velocity for diﬀerent gas viscosities with ρr = 1000: θLY = 60◦.
decreases and increases, respectively as shown in Fig. 7.17. Increased ambient ﬂuid viscosity
results in increased viscous drag on the receding droplet.
7.4 Kinematic stages of EW-actuated jumping droplet
To further classify regimes of the jumping process as shown in Fig. 7.3 (b), temporal evolution
of droplet velocity ﬁeld is shown in Fig. 7.18. We partition the entire jumping process into four
stages: The ﬁrst stage is (I) the capillary spreading stage during which the liquid mass inside
the droplet moves downwards under the action of capillary forces leading to radial expansion
of the droplet. A circulatory ﬂow pattern sets up around the droplet due to the drag induced
by the downward moving droplet interface on the surrounding ﬂuid as shown at T∗ = 0.99
in Fig. 7.18 (a). The next stage (II) is the curvature switching stage, during which the local
interface curvature near the contact line changes due to switching of the contact angle from θLY
to θY . The sudden increase in local curvature leads to greater accumulation of droplet liquid
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inside the peripheral rims. This creates large surface tension forces resulting in accelerated
radially inward ﬂow. The sharp change in direction in the movement of the contact line leads
to the formation of a vortex pattern near the contact edge as observed from Fig. 7.18 (b). The
liquid inside the droplet continues to move in radially upward direction under the restraining
inﬂuence of surface tension forces. The liquid velocity inside the droplet is higher in the upper
region of the droplet compared to the base region as observed in Fig. 7.18 (c). This results in
vertical elongation of the droplet and the contact diameter continues to decrease resulting in
the detachment stage (III) of the jumping process (Fig. 7.18 (d)). The high magnitude of the
velocity vectors in the lower elongated region, which forms a cusp-like shape, shown in Fig. 7.18
(d) indicate the fast retraction of the lower region due to interfacial tension. In the ﬁnal stage
(IV), the droplet velocity continues to decrease due to drag induced by the ambient ﬂuid and it
attains a spherical shape after some oscillations.
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X Y
Z
(a) T∗ = 0.99
X Y
Z
(b) T∗ = 2.48
X Y
Z
(c) T∗ = 3.14
X Y
Z
(d) T∗ = 4.63
X Y
Z
(e) T∗ = 5.29
Figure 7.18: Instantaneous velocity ﬁeld along the symmetry Y -plane at diﬀerent time instants:
θLY = 60◦.
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7.5 Application to EW-induced droplet jumping for trans-
port and mixing
Manipulation and transport of droplet is an essential constituent in digital microﬂuidic applica-
tions. In this subsection, we investigate the transport of a droplet subjected to electrowetting,
from the bottom surface to the top surface. Figure 7.19 illustrates droplet transport from the
bottom surface to the top plate with conﬁnement ratios (CR) 1.0 (top row) and 2.0 (bottom
row). The conﬁnement ratio is deﬁned as the ratio of the distance between the two plates and
the droplet diameter. The wettability of the upper surface is ﬁxed at θ = 90◦. For CR = 1.0, we
observe that the droplet is transferred to the upper plate by forming a liquid bridge. Owing to
the low conﬁnement ratio, the upper region of the recoiling droplet attaches to the upper surface
leading to the formation of a liquid bridge. As time proceeds, the droplet contact area on the
upper surface increases while the one on the bottom surfaces decreases. This is attributed to the
higher wettability of the upper surface compared to the bottom surface. This is observed from
the reversal in broad base and narrow top layout of the liquid bridge at T∗ = 3.33 to the narrow
base and broad top layout at T∗ = 4.46. Once transported to the upper surface, the droplet
attains its equilibrium conﬁguration corresponding to the the wettability of the upper wall. This
way of droplet transport through formation of a liquid bridge is termed as the droplet transport
in mode A. With increase in conﬁnement ratio, the droplet transport occurs distinctly diﬀerent
termed as mode B, where we observe that the droplet detaches completely from the substrate
and is airborne (T∗ = 5.79). Subsequently, it is transported to the upper surface as observed
in the snapshots shown in the bottom row of Fig. 7.19 for CR = 2.0. Certain digital microﬂu-
idic applications require the transport and merging of droplets in order to perform a chemical
reaction. In these applications, each droplet which contains a chemical reagent, interacts and
coalesces to produce precipitates a the result of the chemical reaction. Droplet manipulation
through electrowetting can be employed to actuate such operations leading to chemical analysis
and synthesis. We next demonstrate various steps involved during this process in Fig. 7.20.
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T∗ = 3.33 T∗ = 3.8 T∗ = 4.46 T∗ = 5.95
T∗ = 5.79 T∗ = 6.78 T∗ = 7.44 T∗ = 9.26
Figure 7.19: Temporal sequence of vertical droplet transport on upper plate for mode A with
conﬁnement ratios of 1.0 (top row) and mode B for CR = 2.0 (bottom row). The upper plate
has a ﬁxed contact angle of θ = 90◦.
To visualize the internal ﬂow evolution during droplet impact and coalescence, diﬀerent colored
passive tracer particles are seeded inside the two droplets. The evolution of these particles
were followed using a trilinear interpolation of the velocity ﬁeld from the surrounding lattice
nodes and their locations were updated after every time step using the fourth-order Runge-
Kutta method. Particles going out of the droplet due to numerical errors were omitted for the
visualization purpose. Consider two droplets required to undergo chemical reaction situated on
the upper and bottom plates as shown in Fig 7.20. The droplet on the bottom plate begins to
spread (T∗ = 0.66) due to EW actuation. With the contact angle of the bottom plate changing
from θ = 60◦ to 140◦, the droplet recoils (T∗ = 3.80) and lifts-oﬀ from the bottom plate (T∗ =
5.95). As soon as the jumping drop interacts with the sessile droplet resting on the upper plate
(T∗ = 8.27), capillary forces come into play and initiate coalescence between the two drops. As
the drops continue to coalesce, the liquid bridge formed due to the contact between the drops
189
CHAPTER 7. ELECTROWETTING-INDUCED JUMPING AND TRANSPORT OF DROPLET
T∗ = 0.66 T∗ = 3.80 T∗ = 5.95 T∗ = 8.27
T∗ = 8.93 T∗ = 9.76 T∗ = 10.59 T∗ = 12.41
Figure 7.20: Temporal sequence of droplet transport and merging with a sessile drop situated
on the upper plate with conﬁnement ratio of 2.5. The upper plate has a ﬁxed contact angle θ
= 90◦.
begins to expand, resulting in the formation of a column-like structure as shown at T∗ = 8.93.
The droplet ensemble spreads (T∗ = 10.59) and recoils (T∗ = 12.41) to attains its equilibrium
shape on the top plate. Particle based visualization reveals absence of mixing between the two
merging drops. This can be attributed to the lack of suﬃcient stretching and folding of the
liquid interface required for internal mixing. Once the chemical reaction is done, the droplet
system can be deposited back on the bottom plate through EW actuation.
7.6 Summary
In this chapter, simulations to investigate the evolution dynamics of electrowetting-induced
droplet jumping were performed. The eﬀect of voltage pulse characteristics, droplet viscosity
and ﬂuid properties of the surrounding medium on the droplet jumping was investigated. Details
of transient energy variations among surface energy and viscous dissipation were provided. The
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main conclusions can be summarized as follows:
(i) The jumping behaviour has been found to be strongly dependent on the nature of elec-
trowetting actuation. A pulse width corresponding to the time taken for maximum spread
would lead to higher maximum jumping velocities when compared to other pulse widths.
Formation of satellite droplets were observed for the cases involving double pulse actuation.
(ii) Increase in applied voltage provided greater initial droplet spreading. This resulted in
higher transient variations of the surface energy and the viscous dissipation. Subsequently,
higher lift-oﬀ velocities were observed for the cases with lower θLY .
(iii) Depending upon the kinetic evolution of the three-phase contact line, the entire droplet
jumping process is classiﬁed into four regimes, namely: capillary spreading, curvature
switching, detachment and spherical equilibrium.
(iv) The density and viscosity of the surrounding medium was found to cause a signiﬁcant
inﬂuence in determining the ﬁnal outcome droplet jumping. For higher gas densities,
an increase in droplet lift-oﬀ time was observed and in some case droplet jumping was
suppressed.
(v) For electrowetting driven droplet transport, two diﬀerent modes of transport were iden-
tiﬁed based on the conﬁnement ratio. Mode A corresponds to droplet transport through
the formation of a liquid bridge. In mode B, the droplet is completely detached from the
bottom surface and is airborne before it is transported to the upper plate.
The results and ﬁndings indicate that electrowetting based droplet lift-oﬀ method can be




In this chapter, a complete summary of the present thesis and some recommendations for future
work are presented.
8.1 General concluding remarks
The work presented in the current thesis was concerned on the dynamics of droplet-wall in-
teractions. Two types of drop-wall interactions ﬂows were analysed in this work: Interaction
between wall impinging drops and wall assisted drop control. To achieve the considered ob-
jectives a computational framework was developed in the current thesis. The hydrodynamic
equations were solved using the lattice Boltzmann method while the two phase interface was
captured using a phase-ﬁeld method. To model the three phase contact line, a geometry based
contact angle formulation was further implemented in the developed three dimensional solver
which could also account for surface inhomogeneities in the for of contact angle hysteresis. The
accuracy of the solver has been veriﬁed through various benchmark problems like Laplace law,
oscillating drop and droplet spreading on a ﬂat surface. The results are in good agreement with
the corresponding analytical solutions for the considered cases.
Firstly, the interactions between wall impinging drops were studied on wet walls. After
providing the numerical validation of the two dimensional solver for a single droplet splashing
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problem, interactions between simultaneously impinging drops were investigated. The simula-
tions indicate the formation of a characteristic formation of a central jet, formed due to the
coalescence of the propagating in-between rims. The evolution rate of the height of the central
jet, which is formed by drawing liquid from both the droplet and the ﬁlm, was found to have
a signiﬁcant dependence on the ﬁlm thickness. The presence of a normal velocity component
inside the liquid ﬁlm cases pertaining to thick ﬁlms resulted in an contrasting trend in the evo-
lution of the jet height than those observed for thin ﬁlms. Eﬀect of the increased drag induced
on the rising jet for a denser ambient medium was observed in the present work. Moving walls
resulted in the formation of asymmetric crown structure. For drop-drop interactions on dry
walls, two distinct coalescence modes were observed depending on the velocity ratios: in-phase
and out-of-phase modes. These modes were for both successive and simultaneous conﬁgurations.
These modes were further found to be regulated by surface inhomogeneities characterised in the
form of contact angle hysteresis. For drops impinging at a given oﬀ-set ratio, the kinetics of
the contact edges were found to be depended on the oﬀ-set ratio leading to an asymmetry in
the evolution of the drop shape. Formation of a central ridge was observed of drops impact-
ing simultaneously on dry surfaces which transforms into a connecting neck depending on the
wettability of the substrate. These results give signiﬁcant insight when considering applications
pertaining to printing or painting. The information regarding the resulting droplet morphology
due to the interaction dynamics would be essential when homogeneity and resolution of the line
patterns needs to be considered. Moreover, in certain conditions wherein the ambient ﬂuid is
denser, the drag induced by a denser surrounding medium was found to eﬀect the interaction
outcome between the impinging drops. Further, particle based visualisation revels no occurrence
of intermixing between the impacting drops.
In the second part of this thesis, several methods to control droplet rebound have been
proposed by physical and physiochemical modulations of the impinging surface. It is essential
to control from the viewpoint of practical applications. It has been identiﬁed that when the solid
surface oscillates along the transverse direction (normal to the line of drop impact), drop rebound
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suppression could be achieved. The impact outcome was found to be sensitive to the waveform
geometry employed to excite the oscillating surface. Eﬀects of phase angle, oscillation amplitude
and frequency on the dynamics and outcome of drop impact were investigated in detail. A phase
diagram in oscillation amplitude and frequency has been constructed to demarcate the rebound
and deposition regimes under the considered impact conditions revealing a linear transition
zone. In many applications, augmentation of moving parts will not be practical. As such,
apart from physical wall modulation the current work indicates variation in physiochemical
properties to inﬂuence the impact dynamics. In particular, it was found that the receding
contact angle plays a pivotal role in determining the impact outcome for normal impinging drops.
Coupled eﬀect of the initial tangential momentum, which depends on the angle of impact, and
the receding contact angle governed the droplet dynamics for oblique impact situations. The
thesis also presented a method to suppress drop rebound by employing a gradient in surface
wettability on the impacting surface. Such modulations in the physiochemical properties of the
surface not only suppresses drop rebound, but can also be used for directional deposition of
the impacting drops. An inchworm type of motion mode by the contact lines was exhibited
by the droplet impinging on such surfaces. While it is important to control drop rebound, the
current thesis investigates droplet lift-oﬀ from a solid surface through electrowetting. This is
an essential constituent in several microﬂuidic applications. The simulations presented in the
current study indicate that the jumping dynamics and transport behaviour of a droplet due
to electrowetting have a strong dependence on the actuating pulse characteristics. Depending
upon the kinetic evolution of the three-phase contact line, the entire droplet jumping process is
classiﬁed into four regimes, namely: capillary spreading, curvature switching, detachment and
spherical equilibrium. Properties of the ambient ﬂuid were found to modulate of the droplet
lift-oﬀ time. Two diﬀerent modes of droplet transport were identiﬁed as a function of the
conﬁnement ratio.
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8.2 Recommendations for future work
In the present work, the interaction dynamics of two drops impacting on wet walls was inves-
tigated through two dimensional computations. As a follow up, this work can be extended to
three dimensions to capture more accurate ﬂow physics. Moreover, only the cases where drops
impinge simultaneously on wet walls have been considered in the current thesis. Future work to
understand the interactions between drops impinging successively or at an given oﬀset on wet
walls may be considered to complement realistic situations encountered in practical applications.
Additionally, the number of impinging drops interacting with each other has been ﬁxed to two
in this thesis. To obtain a better understanding of the interaction dynamics which employs
ink-jet based printing technology [1], it will be useful to consider sequential deposition of drops.
This will lead to increased computational cost and further eﬀorts have to be made to augment
adaptive mesh techniques in the current solver to increase its computational eﬃciency.
Another important issue which needs to be addressed is to simulate cases with higher
Reynolds number for practical engineering applications. In particular, this is important when
we need to consider the impact conditions in applications pertaining to spray painting and cool-
ing. The present high density ratio phase-ﬁeld based lattice Boltzmann solver can numerically
become unstable for high Re ﬂows due to underlying interface discretization and the lack of grid
resolution for sub-grid scale physics. Future work in the direction to improve the present solver
by incorporating models [147, 148, 149] which would allow to resolve high Re multiphase ﬂows
needs to be investigated. The contact angle model employed in the current thesis models static
contact angle to simulate the three phase moving contact line and the corresponding interaction
dynamics. This model does not account for the detailed ﬂow physics near the contact line which
are governed by the dynamic contact angle. An overview on the various models which present
a more realistic modelling approach is discussed in Sui et al. [145]. This leads to further scope
of research in extending the current work.
Finally, the topology of the solid surface considered in the current thesis is ﬂat. With ad-
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vances in manufacturing techniques, it is now possible to fabricate surfaces with varying surface
topography. These surfaces are used in several practical applications. Hence, it would be useful
to understand the dynamics of droplet interactions impinging onto rough surfaces. It would be
interesting to explore numerically, the dynamics of droplet impact on textured/patterned sur-
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